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Preface

The present volume, representing volume 37 of this longstanding series, con-
tains a number of interesting articles covering a diversity of natural products. 
The article by Halberstein describes botanical medicines used in diuresis in 
 traditional medicinal systems. The chemistry, biological activity, mechanisms 
of action and structure-activity relationships of bioactive sesquiterpene lac-
tones in genus Artemisia are reviewed by Martinez and coworkers. A large 
number of metabolites are involved in plant-nematode interactions. These 
include repellents, attractants, hatching stimulants or inhibitors, and nemato-
toxicants. Zhou and coworkers have discussed such plant-derived antinemato-
dal secondary metabolites. The beneficial effects on human health of bioactive 
compounds in spices and herbs have been reviewed by Juana et al. Biosyn-
thetic and biotechnological aspects of plant isoprenoids are presented by 
Galata and Mahmoud. Problems associated with therapy of the patients with 
against African and American trypanosomiasis include frequent side-effects 
and human trypanosomiasis. These “poor man’s diseases” afflict people in 
Africa or Latin America, and little investment is made by the pharmaceutical 
industry in drug development in these fields. Trypanocidal monoterpenes that 
can serve as lead compounds for future trypanocidal drugs are discussed in 
the review by Saerdnia and Gohari. The structures, biological activities and 
taxonomic relationships of 3, 4-dihydroisocoumarins from plants and fungi 
are reviewed by Braca and coworkers. The use of HPTLC approach to identify 
natural products and botanicals is presented by Nicoletti and Petitto. Plant 
anti-oxidants can serve as natural free radical scavengers. Antioxidant activity 
can counter act the strongly oxidizing environment in which we live and offer 
protection from mutagenesis, carcinogenesis and aging. This area has been 
reviewed by Laitonjam. The mosquito Aedes aegypti is the vector responsible 
for dengue and yellow fever. Bioactive secondary metabolites produced by 
plants, fungi, bacteria (actinomycetes and cyanobacteria) and lichens which 
have activity against the mosquito Aedes aegypti are discussed by Geris and 
coworkers.

This volume with its emphasis on bioactive natural products against many 
neglected diseases should prove to be of great interest to scientists working in 
the field of medicinal and natural product chemistry.
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Chapter 1

Botanical Medicines for  
Diuresis: Cross-Cultural 
Comparisons

INTRODUCTION

Modern synthetic drugs have a remarkably recent history. Prior to the beginning 
of the twentieth century most medications were derived directly from natural 
plant, animal, or mineral sources. Archaeological evidence indicates that medic-
inal plants have been exploited for a variety of healing purposes for at least 
15,000 years [1–3]. It was discovered early on in those experiments that many 
plants are poisonous and boiling the collected specimens into a tea with various 
natural additives (“decoction”) could enhance and speed their healing action by 
concentrating their beneficial phytochemicals while simultaneously eliminat-
ing toxins. Gradually, a wide range of propagation, preparation and applica-
tion methods was developed to maximize the medicinal benefits and minimize 
the potentially deleterious effects of plant constituents. Consequently, botanical 
medicaments are used today cross-culturally in a great variety of forms—raw 
herb eaten or applied topically without modification, boiled liquid drink/tea, 
tablet, capsule, cream, extract, tincture, syrup, oil, salve, ointment, snuff, loz-
enge, plaster, poultice, powder, balm, emollient, paste, lubricant, inhalant, sup-
pository, oral or nasal, juice, etc. [4].

One of the earliest purposes of ancient medicines was to eliminate dis-
ease-producing outside agents and harmful internal entities from the patient’s 
body. Before the widespread use of the microscope these ominous invading 
forces were often considered to be of supernatural origin. A wide range of 
invisible culprits continue to be recognized as responsible for the incidence 
of diseases in many traditional cultures via “spirit possession” [5–7]. Many 
medicines and associated methods of administration have thus been produced 

Robert A. Halberstein
Department of Anthropology and School of Nursing and Health Studies, University of Miami,  
P.O. Box 248106, Coral Gables, USA
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in order to remove the irritants. Blood-letting is a practise dating to prehis-
toric times that is performed to purify the body by discharging poisons, evil 
spirits, and other harmful materials. Similarly, purging (inducing vomiting), 
sweat induction, diuresis and the use of laxatives and expectorants have all 
been prescribed by healers cross-culturally to help cleanse the patient’s body 
and restore his/her natural equilibrium [8–10].

The purpose of the present paper is to compile and analyze the many 
botanical medicines that have been used cross-culturally to induce diuresis, 
or increased urine flow. Diuretic plants have held a central place in numerous 
traditional medical systems as a vehicle to expel poisons and an assortment 
of other disease-producing factors.

METHODS

Field work was undertaken at 92 “botanicas” (medicinal plant shops) in the 
metropolitan area of Miami, Florida. Surveys were completed at each establish-
ment on the availability, preparation methods, and administration protocols of 
a variety of botanical remedies. Medicinal plant formulae were recorded that 
were recommended for the following chronic health conditions: high and low 
blood pressure, fertility-related disorders, diabetes, insomnia, and dental prob-
lems. Plant species prescribed as diuretics were also noted. The proprietors of 
10 of the botanicas were interviewed in depth regarding herbal remedies and 
their combinations, recommended intake schedules, possible side effects, and 
sales trends. They also provided details about other health-related products 
available in the stores, including charms, amulets, religious articles (e.g., styl-
ized crucifixes) and related literature, statuettes, animal effigies, mixing bowls 
and storage containers, perfumed candles and incense, jewellery, artworks, air 
fresheners, wind chimes, and a multipurpose bottled liquid medicinal formula 
called Jarabe de Oro (“Golden Tonic”) that contains royal jelly, honey, bee 
pollen, vitamin B and extracts from selected anatomical parts of seven plant 
species.

Nine of the 10 informants from the botanicas stated they had received for-
mal training in medicinal plant usage from established healers and herbalists 
in the Miami area. Each of the interviewees indicated they regularly consult 
published sources to update their knowledge of plant formulae and applica-
tions. Nearly a quarter of the botanicas were open 24h for sales, consultations, 
emergency treatments, and referrals to more specialized local healers or clinics 
and hospitals.

FINDINGS

Diuretics comprise a class of chemical agents which initiate, enhance and/or 
promote the loss of fluids from the body by triggering an increase in the rate 
of urine production and expulsion by the kidneys. Traditional and modern 
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healers have long recognized that edema, the accumulation of fluids in soft 
tissues, is a reliable and consistent symptom of disorders of the kidneys, 
spleen, liver, lungs, heart, blood vessels, and other elements of the genitouri-
nary and circulatory systems [11]. Herbal remedies for edema were probably 
one of the earliest biomedical applications of natural diuretics. Hoffmann [12] 
classified the ingestible herbs with diuretic action into two broad categories:  
(1) plants which cause an increase in kidney blood flow and subsequent urine 
production, and (2) plants which inhibit or block water re-absorption by 
 kidney nephrons.

Several corollary beneficial results of the application of diuretic phyto-
chemicals have been recorded: anti-inflammatory, antimicrobial, antilithic 
(inhibiting renal system stone formation), astringent (producing tissue contrac-
tion or shrinkage), and demulcent (soothing or pain-reducing) effects. Yarnell 
et al. [13, p. 231] state that “ Diuretic herbs can be added to any program for 
preventing kidney stone recurrence. They are safe and extremely cheap, even 
compared to the main diuretic drugs recommended for stone prevention, thia-
zide diuretics.” The latter authors describe phytomedicinal formulae prescribed 
and administered to prevent renal calculi (stones) or to aid in their dissolu-
tion or expulsion. They tabulate seven plant species whose products in tincture 
form (e.g., ethanol extracts) can serve both purposes, albeit when combined 
in different proportions: Agropyron repens, Equisetum arvense, Eupatorium 
purpureum, Hydrangea arborescens, Rubia tinctoria, Serenoa serrulata, and 
Taraxacum officinale. The juice of the cranberry fruit (Vacinium macrocarpon) 
has a lengthy history of cross-cultural use in ethnomedicine as a urinary tract 
antiseptic cleanser and diuretic, although mixed results have been reported in 
controlled experimental trials [13].

A total of 406 botanical species with diuretic effects, including 13 sold in 
the Miami botanicas and an additional 393 recorded in published scientific field 
studies and textbooks, are presented in Table 1. Leaves and roots are the two most 
commonly used plant parts for this purpose. The entire compacted plant is utilized 
in the preparation methods of a large number of species. Boiling the whole plant 
or selected parts in water, fruit or vegetable juice, or another liquid solvent entails 
two different, but related, procedures. “Decoction” is the prolonged and thorough 
boiling of harder herbal components such as barks, branches, nuts, seeds, uncut 
roots, or the whole compressed plant. “Infusion” involves pouring boiling water/
juice over finely cut or pulverized softer and more soluble plant components such 
as dried leaves, stems, bulbs, flowers, fruits, resins, or chopped roots. Both meth-
ods include simmering and straining the resulting processed mixtures. Unlike 
decoctions, infusions may be ingested cold or iced [4]. Additional phytomedical 
preparation and application methods are exhibited in Table 1, including inges-
tion of toasted nuts; smoking of dried leaves in a pipe or cigarette; ingestion 
of powdered leaf tablets; calyx infusion; and decoctions of gums, saps, tubers, 
berry powders, spores, rhizomes, rinds, seeds, stems and flowers. An additional 
 compilation of diuretic plant species has recently been published [13a].
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TABLE 1 Medicinal Plants Used as Diuretics

Species Preparation Reference

Abutilon indicum Bark and root decoction [32]

Acalypha arvensis Flower and leaf decoction [33, p. 134]

Acalypha indica Plant decoction [23, p. 395]

Acanthus spinosus Plant decoction [34, p. 515]

Achillea millefolium Plant decoction [17]

Achyranthes aspera [32]

Achyranthes bidentata Root decoction [23, p. 395]

Adonis vernalis Powdered flower decoction [23, p. 353]

Aerva javanica Plant/flower/root decoctions [23, p. 396]

Aerva lanata Leaf/stem infusions [32]; This study

Aesculus hippocastanum Roasted nut ingestion; bark 
decoction

[35, p. 34]

Agathosma betulina Leaf decoction [23, p. 35]

Agrimonia eupatoria Plant decoction [23, p. 36]

Agropyron repens Root-stock/tuber decoctions [36, p. 179]

Alcea rosea [37, p. 54]

Alchemilla arvensis Plant decoction [34, p. 515]

Alchemilla xanthochlora Leaf/shoot decoctions [38]

Alisma plantago-aquatica Root decoction [23, p. 397]

Allium ampeloprasum Raw plant ingestion/ 
decoction

[39, p. 266]

Allium cepa Bulb decoction [17]

Allium sativum Bulb decoction [37, p. 52]

Alternathera achyrantha Stem and leaf infusions [40]

Amaranthus dubius Plant decoction [23, p. 398]

Amaranthus 
 hypochondriacus

Plant decoction [23, p. 398]

Ammi majus Fruit decoction [34, p. 515]

Ammi visnaga Fruit decoction [34, p. 515]

Amomum thyrsoideum Root decoction [41]
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TABLE 1 Medicinal Plants Used as Diuretics—Cont’d

Species Preparation Reference

Anagallis arvensis Plant decoction [23, p. 398]

Anemone pulsatilla Plant decoction [34, p. 515]

Anethum graveolens Fruit decoction [34, p. 47]

Annona squamosa Dry leaves smoked [42]

Angelica archangelica Root/fruit//leaf/seed  
decoctions

[38]

Anthocleista nobilis Seed/bark decoctions [43, p. 109]

Anthriscus cerefolium Plant decoction [23, p. 399]

Aphanes arvensis Plant decoction [23, p. 399]

Apium graveolens Plant/fruit/root/seed  
decoctions

[23, p. 47]

Apocynum 
 androsaemilfolium

Root infusion [23, p. 399]

Apocynum cannabinum Root decoction [23, p. 399]

Aralia racemosa Root-stock/root decoctions [36, p. 182]

Arctium lappa Root decoction [36, p. 173]

Arctium minus Root/leaf decoctions [44, p. 322]

Arctostaphylos 
tomentosa

Plant infusion [45, p. 120]

Arctostaphylos uva-ursi Leaf infusion [17]; This study

Areca catechu Seed ingestion [46, p. 138]

Argemone mexicana Seed decoction [47, p. 154]

Artemisia dracunculus Branch decoction [48]

Artemisia mexicana [45, p. 121]

Artemisia vulgaris [37, p. 68]

Arundo donax Root-stock decoction [42]

Asaparagus officinalis Root-stock decoction [23, p. 400]

Asaparagus racemosus [32]

Asarum canadense Root-stock decoction [23, p. 400]

Asarum europaeum Plant decoction [36, p. 183]

Continued
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TABLE 1 Medicinal Plants Used as Diuretics—Cont’d

Species Preparation Reference

Asarum sieboldii Root-stock decoction [23, p. 400]

Asclepias curassavica Root decoction [43, p. 23]

Asplenuim scolopendrium Plant decoction [23, p. 400]

Aynodon dactylon Leaf decoction [41]

Azardiracta indica Ground leaf tablets [46, p. 101]

Bacopa monnieri Plant decoction [34, p. 515]

Baliospermum montanum [32]

Bambusa arundiacea Root/plant decoctions [23, p. 401]

Barosma betulina Leaf decoction [36, p. 166]

Barosma serratifolia Leaf extract This study

Batis maritima Leaf decoction [41]

Bauhinia racemosa Root infusion [32]

Begonia cucullata Plant decoction [34, p. 515]

Begonia sanguinea Plant decoction [34, p. 515]

Benincasa hispida Fruit decoction [23, p. 401]

Betula pendula Leaf decoction [36, p. 164]

Bidens pilosa Plant decoction [33, p. 165]

Bidens tripartita Plant decoction [23, p. 401]

Bixa orellana Leaf decoction; powdered  
leaf tablet

[33, p. 88]

Blumea lacera Plant decoction [34, p. 515]

Boerhavia diffusa Root decoction [32]

Boerhavia hirsuta Leaf powder ingestion [33, p. 118]

Borago officinalis Leaf infusion [38]

Borreria verticillata Plant decoction [43, p. 121]

Boswellia serrata [32]

Brassica oleracea Leaf infusion [17]

Bryophyllum pinnatum Leaf decoction [42]

Buddleia americana Root/bark/leaf decoctions [40]
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TABLE 1 Medicinal Plants Used as Diuretics—Cont’d

Species Preparation Reference

Buddleia marrubiifolia Plant decoction [34, p. 515]

Bursera gumifera Bark and leaf decoction [41]

Bursera simaruba Bark decoction [49, p. 174]

Butea monosperma [32]

Caesalpinia bonduc Seed decoction [48, p. 155]

Calliandria anomala [45, p. 122]

Callitris arborea Gum decoction [34, p. 515]

Calystegia soldanella Plant decoction [34, p. 515]

Camellia sinensis Leaf infusion [17]; This study

Canna edulis [41]

Canna indica [41]

Canna latifolia [41]

Capriola dactylon Root-stock decoction [40]

Capsella bursa pastoris Aerial parts decoction [38]

Capsicum annuum Fruit decoction [17]

Carex arenaria Root-stock decoction [23, p. 402]

Carex hirta Plant decoction [34, p. 515]

Carlina acaulis Root decoction [36, p. 166]

Cassia fistula Plant infusion [33, p. 101]

Cassia occidentalis [32]

Cassia tora Leaf decoction [43, p. 148]

Caulophyllum 
thalictroides

Root decoction [23, p. 403]

Cecropia peltata [49, p. 174]

Cedrus deodara Bark/wood/oil decoctions [23, p. 403]

Cedrus libani Bark/wood/oil decoctions [23, p. 403]

Centaurea cyanus Flower decoction [23, p. 403]

Centella asiatica Leaf/stem decoctions [48, p. 67]

Cephalanthus 
occidentalis

Leaf/stem/flower infusions This study

Continued
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TABLE 1 Medicinal Plants Used as Diuretics—Cont’d

Species Preparation Reference

Cestrum nocturnum Plant decoction [46, p. 75]

Chamaelirium luteum Root decoction [23, p. 404]

Chamaemelum nobile [37, p. 34]

Chimaphila umbellata Plant decoction [23, p. 404]

Chiranthoden 
pentadactylon

[45, p. 94]

Chloris distichophylla Fruit decoction [41]

Chondrodendron 
 tomentosum

Root decoction [23, p. 404]

Cichorium intybus Root decoction [23, p. 404]

Cimicifuga racemosa Rhizome/root decoctions [38]

Cissampelos capaeba Plant decoction [40]

Cissampelos owariensis Root decoction [43, p. 60]

Cissampelos pariera [32]

Citrullus lanatus Raw plant consumption [39, p. 267]

Citrus aurantium Fruit-juice/rind decoctions [43, p. 47]

Citrus decumana Fruit-juice/rind decoctions [43, p. 47]

Citrus limonum Fruit-juice/rind decoctions [43, p. 47]

Citrus sinensis Fruit juice ingestion [17]

Claytonia sibirica Plant decoction [34, p. 515]

Clematis biondiana Plant decoction [34, p. 515]

Clematis gouriana Plant decoction [34, p. 515]

Clematis vitalba Fruit/shoot ingestion [50, p. 163]

Cocculus pendulus Root decoction [43, p. 98]

Cochlearia armoracia Root decoction [39, p. 267]

Cochlearia officinalis Plant decoction [23, p. 405]

Coffea arabica Seed decoction [36, p. 168]

Cola acuminata Bean decoction/infusion [12, p. 507]

Collinsonia canadensis Root/leaf decoctions [23, p. 406]
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TABLE 1 Medicinal Plants Used as Diuretics—Cont’d

Species Preparation Reference

Combretum micranthum Leaf infusion [43, p. 132]

Consolida regalis Flower decoction [23, p. 406]

Convallaria majalis Leaf/blossom/plant decoctions [36, p. 176]

Conyza canadensis Plant decoction [23, p. 406]

Conyza serpentina [40]

Copaifera langsdorffii Wood/oil decoctions [23, p. 40]

Corchorus olitorius Leaf decoction [43, p. 25]

Cordia salicifolia Powdered leaf infusion [33, p. 108]

Costus spicatus Sap decoction [34, p. 515]

Crataegus mexicana Root decoction [40]

Crataegus oxyacantha [34, p. 359]

Crateva religiosa Stem–bark decoction [43, p. 121]

Crescentia linearifolia Syrup/juice ingestion [42]

Crithmum maritimum Plant decoction [23, p. 406]

Cucumis sativus Raw plant consumption [39, p. 267]

Cucurbita maxima Seed decoction [43, p. 170]

Cucurbita pepo Seed decoction [36, p. 179]

Cynodon dactylon Root decoction [46, p. 55]

Cynanchum vincetoxicum Plant decoction [34, p. 515]

Cyperus rotundus Tuber decoction [43, p. 300]

Cytisus scoparius Blossom decoction [36, p. 166]

Daucus carota Plant/root/fruit decoctions [17]; This study

Delphinium staphisagria Flower decoction [23, p. 407]

Dendrocalamus strictus [32]

Desmodium gangeticum Stem and leaf decoction [43, p. 102]

Dianthus superbus Plant decoction [23, p. 408]

Dictamnus albus Root decoction [23, p. 408]

Digitalis purpurea Leaf decoction [36, p. 171]

Dioscorea cayenensis Tuber decoction [45, p. 140]

Continued
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TABLE 1 Medicinal Plants Used as Diuretics—Cont’d

Species Preparation Reference

Dioscorea villosa Root-stock/root decoctions [36, p. 184]

Dipsacus fullonum Root decoction [23, p. 408]

Dorstenia brasiliensis [41]

Drimia indica Bulb decoction [34, p. 515]

Elymus repens Root-stock decoction [13, p. 233]

Embelia ribes Leaf decoction [23, p. 409]

Equisetum arvense Plant decoction [11, p. 134]; This study

Equisetum bogotense Powdered leaf decoction [40]

Equisetum robustum Plant decoction [34, p. 515]

Eriodictyon californicum Leaf decoction [23, p. 409]

Eryngium campestre Plant/root decoctions [23, p. 409]

Eryngium comosum [41]

Eryngium maritimum Plant/root decoctions [23, p. 409]

Eryngium planum Plant/root decoctions [23, p. 409]

Eryngium yuccifolium Plant decoction [34, p. 515]

Erysimum cheiri Flower decoction [23, p. 409]

Erythrophleum guineense Bark decoction [43, p. 28]

Erythrophleum sauveolens Bark decoction [43, p. 29]

Eupatorium cannabinum Plant decoction [36, p. 173]

Eupatorium perfoliatum Leaf and flower decoction [44, p. 322]

Eupatorium purpureum Plant decoction [23, p. 410]

Euphorbia hyssopifolia Plant decoction; sap and leaf 
infusion

[51]

Euphorbia cyparissias Plant decoction [23, p. 410]

Eysenhardtia polystachya Stem infusion [41]

Filipendula ulmaria Blossom/plant decoctions [36, p. 179]

Foeniculum vulgare Root /seed decoctions [38]

Fragaria vesca Leaf decoction [36, p. 182]

Fraxinus excelsior Bark decoction [36, p. 163]
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TABLE 1 Medicinal Plants Used as Diuretics—Cont’d

Species Preparation Reference

Fumaria officinalis Plant decoction [36, p. 171]

Funtumia africana Leaf decoction [43, p. 193]

Gaillardia pinnatifida Plant decoction [34, p. 515]

Galega officinalis Plant decoction [23, p. 410]

Galium aparine Plant decoction [23, p. 411]

Galium verum Plant decoction [36, p. 164]

Gaultheria procumbens Leaf decoction [36, p. 184]

Genista tinctoria Plant decoction [23, p. 411]

Glechoma hederacea Plant decoction [23, p. 411]

Globularia alypum Leaf decoction [23, p. 411]

Glycine max Seed decoction [17]

Gonoplebium incanum [41]

Gratiola officinalis Plant decoction [36, p. 173]

Guaiacum officinale Wood decoction [36, p. 175]

Helianthus annuus Seed decoction [45, p. 123]

Helichrysum arenarium Flower decoction [23, p. 168]

Hemidesmus indicus Plant decoction [34, p. 515]

Herniaria glabra Plant decoction [36, p. 180]

Herniaria hirsuta Plant decoction [23, p. 412]

Hibiscus sabdarifa Calyx infusion [41]

Humulus lupulus Fruit infusion [17]

Hydrangea arborescens Root decoction [13, p. 233]

Hygrophila auriculata Root/seed decoctions [34, p. 515]

Hygrophila spinosa Plant/root decoctions [23, p. 13]

Hypericum perforatum Leaf/flower/bud decoctions [44, p. 338]

Hypochaeris scarzonerae Plant decoction [34, p. 515]

Ilex paraguariensis Leaf decoction [36, p. 178]

Inula helenium Root-stock/tuber decoction [36, p. 169]

Ipomoea turpethum [32]

Continued
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TABLE 1 Medicinal Plants Used as Diuretics—Cont’d

Species Preparation Reference

Iresina calea [41]

Iris germanica [37, p. 60]

Iris versicolor [12, p. 507]

Jacaranda procera Leaf decoction [23, p. 413]

Jatropha curcas [49, p. 174]

Jatropha urens Root decoction [41]

Juniperus communis Fruit/berry powder decoctions [4]

Lamium album Plant decoction [36, p. 183]

Laportea meyeniana Leaf/root decoctions [34, p. 515]

Larix decidua Bark/resin decoctions [23, p. 414]

Laurus nobilis Fruit/berry decoctions [36, p. 163]

Lavendula anguistifolia Dried flower infusion [44, p. 331]

Leonotis nepetaefolia Plant decoction [19]

Lepidium bipinnatifidum Plant infusion [41]

Lepidium sativum Plant/root decoctions [23, p. 414]

Lepidium virginicum Plant/root decoctions [23, p. 414]

Leptadenia hastada Leaf decoction [43]

Lespedeza capitata Plant decoction [23, p. 415]

Levisticum officinale Root-stock/tuber/root  
decoctions

[36, p. 176]

Linaria vulgaris Plant decoction [23, p. 415]

Lobelia chinensis Plant decoction [23, p. 415]

Lomicera caprifolium Flower decoction [23, p. 415]

Luffa aegyptiaca Fruit decoction [23, p. 416]

Luffa operculata Fruit decoction [23, p. 416]

Lupinus albus Seed decoction [23, p. 416]

Lupinus angustifolius Seed decoction [23, p. 416]

Lupinus mutabilis Seed decoction [23, p. 416]

Lycium halimifolium Plant decoction [34, p. 515]
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TABLE 1 Medicinal Plants Used as Diuretics—Cont’d

Species Preparation Reference

Lycopersicon esculentum Fruit ingestion [17]

Lycopodium clavatum Powdered spore decoction [23, p. 416]

Malus domestica Fruit ingestion [34]

Manilkara zapota [49, p. 174]

Margirocarpus setosus [41, p. 141]

Marrubium vulgare [37, p. 56]

Melia azedarach Leaf juice ingestion [43, p. 180]

Melilotus officinalis [37, p. 38]

Mentha spicata [37, p. 92]

Mentzelia hispida [40]

Mercurialis annua Plant decoction [23, p. 417]

Mercurialis perennis Plant decoction [23, p. 417]

Momordica charantia [49, p. 160]

Monarda didyma Plant/blossom decoctions [36, p. 178]

Morinda geminata Leaf decoction [43, p. 63]

Morinda longiflora Leaf decoction [43, p. 63]

Morinda lucida Root–bark decoction [43, p. 63]

Mucuna pruriens [32]

Myrrhis odorata Plant decoction [23, p. 418]

Nasturtium officinale Plant decoction [4]

Nauclea latifolia Bark decoction [43, p. 76]

Nerium oleander Leaf decoction [43, p. 17]

Neurolaena lobata Leaf decoction [51]

Nigella sativa Seed decoction [23, p. 418]

Nymphaea lotus Stem and root infusion [43, p. 87]

Ocimum basilicum Plant/leaf decoctions [17]

Olea europaea Leaf decoction [23, p. 419]

Ononis spinosa Plant decoction [36, p. 179]

Opilia celtidifolia Leaf decoction [43, p. 171]

Continued
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TABLE 1 Medicinal Plants Used as Diuretics—Cont’d

Species Preparation Reference

Origanum vulgare Plant decoction [17]

Orthosiphon aristatus Plant infusion [23, p. 419]

Orthosiphon spicatus Leaf decoction [36, p. 175]

Orthosiphon stamineus Leaf decoction [52, p. 178]

Panax quinquefolius Plant decoction [17]

Parietaria judaica Plant decoction [23, p. 419]

Parietaria officinalis Plant decoction [23, p. 419]

Parquetina nigrescens Plant decoction [43, p. 21]

Passiflora jorullensis [45, p. 121]

Pastinaca sativa Fruit/root decoctions [23, p. 420]

Paullinia cupana Seed decoction [23, p. 420]

Persea americana [49, p. 174]

Petasites hybridus Root-stock/leaf/tuber  
decoctions

[36, p. 166]

Petroselinum crispum Seed/root decoctions [36, p. 178]; This study

Peucedanum ostruthium Root-stock decoction [23, p. 420]

Peumus boldus Leaf decoction [23, p. 236]

Phaseolus vulgaris Fruit/berry decoctions [36, p. 163]

Phyllanthus amarus [49, p. 174]

Phyllanthus salviaefolius [41]

Physalis alkekengi Fruit decoction [23, p. 420]

Physalis peruviana Fruit ingestion [40]

Picria fel-terrae Leaf decoction [34, p. 515]

Pimpinella anisum Seed and oil decoction [44, p. 321]

Pinus sylvestris Plant/fruit/berry decoctions [36, p. 180]

Piper cubeba Fruit decoction/ powdered  
leaf infusion

[48]; This study

Piper guineense Berry decoction [43, p. 91]

Piper longum Leaf decoction [23, p. 421]
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TABLE 1 Medicinal Plants Used as Diuretics—Cont’d

Species Preparation Reference

Piper methysticum Root-stock decoction [53]

Piper umbellatum [49, p. 174]

Plumeria rubra [45, p. 123]

Polygonum acre [41]

Polygonum hydropiper Plant decoction [36, p. 181]

Pometia pinnata Bark decoction [53]

Populus nigra Plant/bark/seed decoctions [36, p. 163]

Populus tremuloides Bark decoction [34, p. 515]

Portulaca oleracea Plant decoction [23, p. 423]

Pothomorphe peltata Dry leaves smoked [42]

Primula veris Root/blossom decoctions [36, p. 168]

Prunus avium Fruit stalk decoction [23, p. 423]

Prunus cerasus Fruit juice ingestion [17]

Prunus spinosa Blossom decoction [36, p. 165]

Pseudognaphaliu 
 obtusifolium

Plant decoction [23, p. 423]

Psoralea corylifolia Seed decoction [34, p. 515]

Pulmonaria officinalis Plant/leaf decoctions [36, p. 165]

Pyrus communis Leaf/fruit decoctions [21, p. 18]

Quercus calliprinos Bark/acorn decoctions [11, p. 145]

Rafnia perfoliata Leaf decoction [34, p. 515]

Rehmannia lutea Plant decoction [34, p. 515]

Rhacoma uragoga [40]

Rhoeo spathacea Leaf infusion [19]

Rhododendron aureum Leaf decoction [23, p. 424]

Rhododendron 
 campylocarpum

Leaf decoction [23, p. 424]

Rhododendron 
ferrugineum

Leaf decoction [23, p. 424]

Continued
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TABLE 1 Medicinal Plants Used as Diuretics—Cont’d

Species Preparation Reference

Rhododendron ponticum Leaf decoction [23, p. 424]

Ribes nigrum Fruit/leaf decoctions [17]

Rosa canina Fruit/berry/rind decoctions [36, p. 169]

Rosmarinus officinalis Plant decoction [17]

Rubia tinctorum Root decoction [23, p. 425]

Rumex acetosa Plant decoction [23, p. 425]

Rumex acetosella Plant decoction [23, p. 425]

Ruscus aculeatus Root-stock/root decoctions [23, p. 425]

Salvadora persica Root decoction [43, p. 209]

Sambucus canadensis Flower/berry/bark decoctions [44, p. 326]

Sambucus ebulus Root-stock/tuber/fruit/berry 
decoctions

[36, p. 169]

Sambucus nigra Fruit/berry/bark decoctions [11, p. 129]

Sambucus simpsonii [49, p. 160]

Santalum album Oil decoction [34, p. 515]

Sassafras albidum Root-stock/tuber/root  
decoctions

[36, p. 180]

Scrophularia nodosa Plant decoction [23, p. 427]

Scutellaria lateriflora Aerial part decoction [38]

Selaginella lepidophylla [41]

Selaginella pilifera [41]

Selaginella pringlei [41]

Selenicereus grandiflorus Plant decoction [36, p. 177]

Senecio aureus Plant decoction [38]

Serenoa repens Fruit/berry decoctions [36, p. 180]

Sinapis alba [37, p. 70]

Smilax officinalis Powdered root decoction [33, p. 175]

Smilax utilis Root decoction [36, p. 180]

Solanum dulcamara Stem decoction [36, p. 170]
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Solanum nigrum [32]

Solanum seaforthianum [41]

Solanum surattense Root decoction [34, p. 515]

Solanum toryum [49, p. 174]

Solidago canadensis Powdered leaf infusion [11, p. 133]; This study

Solidago virgaurea Plant decoction [23, p. 428]; This study

Sopanaria officinalis Root-stock/root/plant  
decoctions

[36, p. 182]

Spiranthes diuretica Plant decoction [34, p. 515]

Strophanthus kombe Seed decoction [36, p. 182]

Tabebuia heterophylla Leaf ingestion/leaf infusion [19]

Tagetes erecta [45, p. 124]

Tagetes lucida [45, p. 122]

Tagetes multifida Plant decoction [34, p. 515]

Taraxacum officinale Rhizome/root/leaf  
decoctions

[11, p. 128]

Tephrosia purpurea Root/leaf/seed decoctions [43, p. 51]

Terminalia belerica [32]

Terminalia ivorensis Powdered bark decoction;  
bark infusion

[43, p. 203]

Terminalia laxiflora Bark/leaf decoctions [43, p. 52]

Terminalia macroptera Bark/leaf decoctions [43, p. 52]

Theobroma cacao Bean decoction [34, p. 514]

Thespesia populnea [42]

Thuja occidentalis Plant decoction [23, p. 429]

Thymus vulgaris Plant decoction [17]

Tilia platyphyllos [12, p. 507]

Trianthema 
portulacastrum

Leaf decoction [34, p. 515]

Tribulus terrestris Fruit decoction [34, p. 515]

Continued
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TABLE 1 Medicinal Plants Used as Diuretics—Cont’d

Species Preparation Reference

Trigonella 
foenum-graecum

Seed/seed oil decoctions [48]

Tropaeolum majus Leaf decoction [23, p. 430]

Turnera aphrodisiaca Leaf infusion [41]

Turnera diffusa Leaf decoction [36, p. 169]

Urginea indica Bulb decoction [43, p. 26]

Urginea maritima Root-stock/tuber d 
ecoctions

[36, p. 181]

Urtica dioica Root/plant decoctions [38]

Urtica urens Plant tincture/capsule  
form

[52, p. 176]

Usnea hirta Whole lichen tincture [52, p. 177]

Vaccinium 
macrocarpon

Concentrated juice [13, p. 231]; This study

Vaccinium myrtillus Fruit/berry decoctions [36, p. 164]

Verbascum densiflorum Flower decoction [23, p. 431]

Verbascum phlomoides Flower decoction [23, p. 431]

Verbena crinoydes [40]

Verbena officinalis Plant decoction [23, p. 431]

Vincetoxicum 
hirundinaria

Root/root-stock decoctions [23, p. 431]

Viola tricolor Plant decoction [36, p. 178]

Vitis vinifera Fruit/berry decoctions [36, p. 172]

Voacanga africana Leaf decoction [43, p. 29]

Withania somnifera Juice ingestion [43, p. 105]

Zea mays Flower/pollen decoctions [13, p. 233]; This study

Zingiber officinale Powdered root/rhizome  
infusions

[44, p. 329]
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Bixa orellana 
(Photo courtesy of Gernot Katzer)

Abutilon indicum 
(Photo courtesy of Michael Kesl)
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Dianthus superbus 
(Photo courtesy of I. Kenpei)

Clematis vitalba 
(Photo courtesy of Andreas Bock and Mechthild Scheffer)
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Erysimum cheiri 
(Photo courtesy of Jina Lee)

Eryngium planum 
(Photo courtesy of Roger Holloway of Cottage Gardens, Devon, England)
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Hydrangea arborescens 
(Photo courtesy of I. Kenpei)

Galium verum 
(Photo courtesy of Margaret Young and The Scottish Rock Garden Club)
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Monarda didyma 
(Photo courtesy of Sten Porse)

Inula helenium 
(Photo courtesy of Enrico Blasutto)
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Tropaeolum majus 
(Photo courtesy of Ken McCown)

Rhoeo spathacea 
(Photo courtesy of Forest and Kim Starr)
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Several of the diuretic species encountered in the Miami botanicas were 
discovered to serve additional purposes besides inducing diuresis. Three species 
were portrayed by the proprietors as both diuretics and antilithics (preventive 
of stone formation): Aerva lanata, Vaccinium macrocarpon, and Equistetum 
arvense. Turnera aphrodisiaca acquired its name from its long history of use as 
a sexual stimulant and aphrodisiac. Besides its role as a source of diuretic phy-
tochemicals, Clematis vitalba has been employed since 1930 as one of the 38 
botanical species in the homoeopathic medications of the Bach® Flower Rem-
edy system [14]. A highly diluted Clematis vitalba preparation is one of the 
components of the Bach® original Rescue® Remedy “Crisis Formula”, and it 
has been described as helpful in reducing light-headedness and the possibility of 
fainting during emergencies. It is also recommended to increase focus, attention 
and concentration in times of severe emotional stress [15,16]. Clematis vitalba 
has been used in folk remedies for cancers, nephrosis, renosis, blood disorders, 
and ulcers. It has also been reported to be a poison, purgative, rubefacient, sudo-
rific, and vesicant [17]. In these cases and others involving dual-purpose phyto-
medications, plant parts are selected and preparation methods vary according 
to the different target functions. Another example is Spiranthes diuretica, so 
named because of the longstanding recognition of its effectiveness in increasing 
urine excretion. It has also been extensively prescribed in different cultures for 
blood pressure reduction. This underscores the general observation that many 
of the plant species in Table 1 that are prescribed for diuresis also serve as a 
source of ingredients that are applicable for the treatment of other urinary tract 
conditions and hypertension, for example Apium graveolens, Cucumis sativus, 
Petroselinum crispum and Taraxcum officinale [18, pp. 154, 217, 224, 481].

Multipurpose diuretic plants (N = 105) are listed in Table 2. The most com-
mon secondary application is blood pressure regulation. Various phytochemical 
products in these species act to dynamically modify and balance blood pressure. 
If hypertension occurs because of blood volume overload, fluid loss would help 
to reverse it. In several cases the same plant species can serve to either raise or 
lower blood pressure, depending upon the preparation methods and the ana-
tomical parts selected for processing. These species are classified as blood pres-
sure “regulators”, “stabilizers” or “equalizers” by the proprietors of the Miami 
botanicas, and they account for 11% of the species in Table 2. A quarter of the 
species in Table 2 also have applications in traditional botanical approaches 
in dentistry. Argemone mexicana is another highly versatile diuretic species, 
with at least 36 other documented medicinal uses ranging from treating ulcers 
to serving as a strength-building tonic [19]. The most multifaceted species in 
Table 2 is Achillea millefollium. It is prescribed by the herbalists as a diuretic 
(whole plant decoction), for high blood pressure or hypertension (leaf decoc-
tion), and for low blood pressure or hypotension (leaf infusion). According to 
Moerman et al. [20], the latter species has been credited with 359 different 
therapeutic applications in native North American populations, and it is also 
exploited for curing in Korea, Kashmir and Mexico. It is ingested to stimulate 
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TABLE 2 Diuertic Plants Used for High Blood Pressure (HBP), 
Low Blood Pressure (LBP), Dentistry and Other Medicinal  
Applications [4,18,19,33,54–57]

Species Other medicinal applications

Acalypha arvensis Kidney disease, diarrhoea, ulcers, dermatologic 
disorders

Achillea millefolium LBP, HBP, astringent, analgesic, anti-allergenic

Achyranthes aspera HBP, dentistry

Adonis vernalis LBP, HBP

Aerva lanata Antilithic

Aesculus hippocastanum LBP, HBP, anti-inflammatory, varicose veins

Allium cepa HBP, dentistry

Allium sativum HBP, dentistry

Anthriscus cerefolium HBP

Apium graveolens HBP

Apocynum cannabinum HBP

Argemone mexicana HBP, hepatitis, cancer, syphilis, sedative, 
 contraceptive, emmenagogue

Artemisia dracunculus Dentistry

Arundo donax LBP

Azardiracta indica Dentistry

Bidens pilosa Analgesic, anti-helminthic, dermatitis, wound 
repair

Bixa orellana Diabetes, astringent, poison antidote,  
antihelmintic

Boerhaavia hirsuta Asthma, gall bladder disease, anti-inflammatory

Brassica oleracea HBP

Bryophyllum pinnatum HBP, asthma, gonorrhoea, ulcers, expectorant, 
anti-bacterial

Bursera simaruba LBP, HBP, rheumatism, gout, arthritis, analgesic

Camellia sinensis LBP, HBP, cancer, anti-oxidant,  
anti-atherosclerotic

Capsella bursa pastoris LBP, HBP
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TABLE 2 Diuertic Plants Used for High Blood Pressure (HBP), 
Low Blood Pressure (LBP), Dentistry and Other Medicinal  
Applications [4,18,19,33,54–57]—Cont’d

Species Other medicinal applications

Capsicum annuum HBP

Cassia occidentalis HBP

Cassia fistula Laxative, purgative, urinary tract infections,  
liver disease

Caulophyllum thalictroides HBP

Cecropia peltata HBP

Centella asiatica Dentistry

Cimicifuga racemosa HBP

Cissampelos pariera HBP

Citrus aurantium HBP

Citrus sinensis LBP, HBP, dentistry

Combretum micranthum HBP

Convallaria majalis HBP

Cordia salicifolia Herpes type 1, appetite stimulant, energy booster

Crataegus oxyacantha HBP

Cucumis sativus HBP, urinary tract infections, anti-helminthic

Cynodon dactylon HBP

Cytisus scoparius HBP

Daucus carota HBP

Digitalis purpurea HBP, antilithic

Equisetum arvense Dentistry

Equisetum bogotense Dentistry

Filipendula ulmaria HBP

Foeniculum vulgare HBP

Funtumia africana HBP

Gaultheria procumbens Dentistry

Genista tinctoria LBP

Glycine max HBP

Continued
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TABLE 2 Diuertic Plants Used for High Blood Pressure (HBP), 
Low Blood Pressure (LBP), Dentistry and Other Medicinal  
Applications [4,18,19,33,54–57]—Cont’d

Species Other medicinal applications

Guaiacum officnale HBP, diabetes, arthritis, gout, laxative, analgesic, 
poison antidote, abortifacient, emmenagogue

Herniaria glabra HBP

Hibiscus sabdarifa HBP

Humulus lupulus LBP, HBP, dentistry

Hypericum perforatum Anti-depressant, anti-inflammatory, antimicrobial

Lamium album HBP

Lavendula anguistifolia LBP

Leonotis nepetaefolia Malaria, TB, typhoid fever, abortifacient, febrifuge

Lycopersicon esculentum LBP, HBP

Malus domestica HBP

Mentha spicata HBP, gastro-intestinal disease, arthritis, motion 
sickness

Momordica charantia HBP, diabetes, rheumatism, abortifacient, febrifuge

Morinda geminata HBP

Morinda longiflora HBP

Morinda lucida HBP

Mucuna pruriens LBP

Nauclea latifolia Dentistry

Nerium oleander HBP

Nigella sativa HBP, dentistry

Olea europaea HBP, dentistry

Origanum vulgare HBP

Orthosiphon spicatus HBP

Panax quinquefolius LBP, energy booster

Petroselinum crispum HBP

Peumus boldus Choleretic, anti-inflammatory, rheumatism

Phaseolus vulgaris Dentistry
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TABLE 2 Diuertic Plants Used for High Blood Pressure (HBP), 
Low Blood Pressure (LBP), Dentistry and Other Medicinal  
Applications [4,18,19,33,54–57]—Cont’d

Species Other medicinal applications

Pimpinella anisum LBP, HBP, dentistry

Piper guineense Dentistry

Piper methysticum Dentistry, sedative, analgesic, anxiolytic, muscle 
relaxant

Populus tremuloides Dentistry

Portulaca oleracea LBP

Rheo spathacea Parkinson’s disease, rheumatism, gonorrhea, 
 astringent, abortifacient

Ribes nigrum HBP

Rosmarinus officinalis LBP, HBP

Salvadora persica Dentistry

Sambucus ebulus HBP

Sassafras albidum Dentistry

Scutellaria lateriflora HBP, Dentistry

Serenoa repens Prostate hypertrophy

Smilax officinalis Kidney disease, syphilis, anti-inflammatory

Solidago canadensis HBP

Spiranthes diuretica HBP

Tabebuia heterophylla Dentistry, cancer, gonorrhea, aphrodisiac, poison 
antidote

Taraxcum officinale HBP, urinary tract infections

Tephrosia purpurea HBP

Terminalia ivorensis Dentistry

Theobroma cacao LBP

Thymus vulgaris HBP

Trigonella foenum-graecum HBP

Turnera aphrodisiaca LBP, asthma, aphrodisiac

Urginea maritime HBP

Continued
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appetite, increase biliary secretion, and treat diarrhoea. It is also applied exter-
nally as a palliative for liver disorders and as a healing agent for inflammatory 
skin diseases. The authors note that the genus Achillea has yielded over 150 
chemical compounds, many of which are useful in medicine.

Several of the Miami botanicas stock elemental vitamin and mineral prod-
ucts for diuresis in addition to the botanically based materials. These include 
the following in tablet, capsule, or powder form: vitamin B-6 (pyridoxine – 
C8H11NO3), calcium carbonate (CaCO3), sodium (in the form of sea salt), cop-
per, and zinc. Chlorophyll capsules, derived from organically grown alfalfa, are 
also recommended. Vitamin B-6, a crystalline phenolic alcohol, is described on 
a recent commercial website (www.healingfoodreference.com/water_retention
.html) as an effective diuretic for individuals experiencing severe water reten-
tion. The botanica proprietors also recommended moderate intake of coffee 
(e.g., Coffea arabica), other caffeine-containing products, and mild alcoholic 
beverages to help stimulate diuresis.

Many of the plants in Table 1 contain a sizeable number of bioactive phy-
tochemical compounds that previous research indicates can induce diuresis. 
According to Duke [17], the following species in Table 1 contain multiple safely 
ingestible micro-components with diuretic properties: 16 diuresis-inducing 
chemicals in Camellia sinensis leaf infusion tea, 14 in ripe tomatoes (Lycop-
ersicon esculentum), 13 in the edible portions of apples (Malus domestica), 13 
in root and fruit decoctions of carrots (Daucus carota), 13 in the juice of sour 
cherries (Prunus cerasus), 13 in the tea produced from a decoction of the entire 
Rosemary plant (Rosmarinus officinalis), 12 in an onion bulb (Allium cepa), 12 
in bell pepper fruit (Capsicum annuum), and 12 in the fruit of the fennel plant 
(Foeniculum vulgare). The same website lists the following nine plants with 

TABLE 2 Diuertic Plants Used for High Blood Pressure (HBP), 
Low Blood Pressure (LBP), Dentistry and Other Medicinal  
Applications [4,18,19,33,54–57]—Cont’d

Species Other medicinal applications

Urtica dioica HBP, arthritis, urinary tract infections, prostate 
cancer

Vaccinium myrtillus HBP

Vaccinium macrocarpon Antilithic

Verbena officinalis HBP

Vitis vinifera HBP

Zingiber officinale HBP, dentistry, anti-oxidant, motion sickness, 
migraine

http://www.healingfoodreference.com/water_retention.html
http://www.healingfoodreference.com/water_retention.html
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11 known phytochemicals with diuretic activity: Achillea millefolium (whole 
plant), Arctostaphylos uva-ursi (leaves), Citrus sinensis (fruit juice), Glycine 
max (seeds), Humulus lupulus (fruit), Ocimum basilicum (leaves), Panax quin-
quefolius (whole plant), Ribes nigrum (fruit and leaves), and Thymus vulgaris 
(whole plant). Anethum graveolens (fruit) and Brassica oleracea (leaves) are 
each characterized by10 diuretic chemicals.

Several of the species compiled in Table 1 contain saponins, complex com-
pounds comprised of a saccharide attached to a steroid or triterpene. The most 
commonly designated saponin chemical formula is C27H42O3. Extensive research 
evidence indicates saponins stimulate diuresis [21, p. 77]. In addition, saponins 
have “hemolytic, expectorative, anti-inflammatory, and immune- stimulating 
activity” [22]. Clematis vitalba is one of the tabulated plants that is rich in 
saponins. It also contains the glucoside ranunculin (C11H16O8) and the lactone 
protoanemonin (C5H4O2) which are used in traditional Chinese and European 
medicine to treat skin disorders, arthritis, and rheumatism [23, p. 405]. The wild 
cucumber (Cucumis sativus), originally native to India, has been widely adopted 
as a diuretic in traditional medical systems around the world. The fruit and seeds 
contain a substantial quantity of the glycoside cucurbitin (C5H10N2O2) which is 
likely responsible for the plant’s diuretic action [18, p. 217].

Another important diuresis-inducing phytochemical is arbutin (C12H16O7). It 
is found in substantial quantities in the leaves of the pear tree (Pyrus  communis) 
and the bearberry shrub (Arctostaphylos uva-ursi). Pengelly [21, p. 18] defines 
arbutin as a phenol, which is a type of aromatic alcohol. It falls within the sub- 
classification of phenylpropanoid phenols. The author states “Arbutin is a uri-
nary tract  antiseptic and diuretic…It is indicated for urinary tract infections, in 
particular cystitis, urethritis, and prostatitis.”

The bioactive phytochemicals contained in the plants in Table 1 belong to 
several chemical classes, the characteristics of which are relevant with respect 
to their beneficial therapeutic effects. The chemical structures of the bioavail-
able botanical components found in many of the species described in the pres-
ent paper can be viewed at the following website provided by the United States 
 Government’s National Institute of Health: http://pubchem.ncbi.nlm.nih.gov. 
As is the case with many previously derived botanical products for other 
medicinal purposes, opportunities exist for the rapid extraction of diuretic phy-
tochemicals from the species in Table 1 and the formulation of synthetic and 
semi-synthetic analogues for therapeutic applications.

A number of the diuretic species in Table 1 can potentially produce nega-
tive side effects. Frequently observed outcomes are the depletion of potassium 
and the subsequent unbalanced relationship between electrolytes and body flu-
ids. This is caused by the loss of water, sodium and chloride, especially when 
diuretic herbs are used chronically or in amounts that exceed recommended 
dosages [21, p. 18]. Murray et al. [24, p. 124] state that “Potassium deficiency 
can be caused by the use of diuretics, leading to excess fluid loss”. The latter 
authors also note that diuresis-inducing substances can also result in thiamine 

http://pubchem.ncbi.nlm.nih.gov
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TABLE 3 Diuretic Plants Containing Potentially Toxic Phytochemical 
Components [28,58–60]

Species Potential toxicity

Aesculus hippocastanum Contains aesculin, a toxic courmarin glycoside; 
nephrotoxicity

Areca catechu “Betel nut” chewed for stimulant effects; addictive, 
causes nausea, gingivitis, and can increase risks of 
cancer and heart disease

Chondrodendron tomentosum “Curare” contains the alkaloid d-tubocurarine, 
a muscle relaxant; applied to spear points and 
arrowheads to immobilize prey; can cause death 
by respiratory paralysis

Cedrus derodara Cones produce allergenic pollen

Citrus aurantium Contains the stimulant synephrine, which can 
 possibly cause fainting, heart rhythm disorders, 
heart attack, or stroke

Convallaria majalis Contains cardiac glycosides that can cause severe 
headaches and cardiovascular disorders including 
heart failure

(vitamin B-1) deficiency. Thiamine plays a role in the body’s energy produc-
tion in the nervous system by helping to synthesize the neurochemical ester 
acetylcholine. Thiamine deficiency symptoms include loss of appetite, fatigue, 
nausea, and mental disturbances such as memory loss and clinical depression 
[24, p. 104].

A considerable number of species in Table 1 contain potentially poisonous 
or even fatal phytochemicals. These can be harmful when ingested by them-
selves or in combination with synthetic or other natural drugs. From a natural 
selection standpoint, these substances could exist to promote the evolutionary 
survival of a plant species by discouraging consumption by humans and other 
animals including insects. Table 3 lists 19 of the diuretic species in Table 1 
which have documented toxicity. Parts or extracts of additional diuretic species 
could be similarly poisonous if ingested in large or undiluted doses. Reported 
adverse reactions range from skin irritations, to extensive organ and tissue dam-
age, to death. On the other hand, some diuretic plant constituents produce little 
if any negative side effects. The previously mentioned saponins, for example, 
do not demonstrate toxic properties in humans [21, p. 77]. On the contrary, 
saponins have been shown in several controlled studies to decrease blood lipid 
and glucose levels, inhibit the development of dental caries, reverse acute lead 
poisoning, and lower the incidence of cancer and renal stones [22,25].
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On a different level, plant material destined for medicinal use must be stored 
carefully to prevent spoilage, the growth of toxigenic mold fungi, and other 
harmful or even poisonous transformations. All potential physiological/medici-
nal actions of the plant’s components and extracts need to be researched and 
recorded prior to use. Product availability, standardization of herbal potency, 
dosage variations (e.g., according to age or body weight), limiting conditions, 
potential interactions with foods and other medications, possible effects of 
preparation methods, contraindications (e.g., pregnancy), and other influencing 
factors must be considered.

TABLE 3 Diuretic Plants Containing Potentially Toxic Phytochemical 
Components [28,58–60]—Cont’d

Species Potential toxicity

Cucumis sativus Can cause electrolyte/fluid imbalance

Cynodon dactylon Produces what is considered the most allergenic 
grass pollen

Cytisus scoparius Contains toxic alkaloids sparteine, isopartine, and 
hyrdoxytyramine

Erythrophleum guineense Bark contains various potentially fatal toxic 
 chemicals that can damage the heart and 
 circulatory system

Hypericum perforatum May significantly reduce antiviral efficacy  
of blood

Momordica charantia Seeds and ripe fruit can cause vomiting and 
 purging

Mucuna pruriens Stinging pod hairs produce severe skin rashes and 
eye damage

Nerium oleander Poisonous sap and bark contain oleandin, a 
potentially fatal cardiac glycoside that can cause 
nausea, heart damage and prostration

Piper methysticum Possible liver damage

Serenoa repens Anti-platelet effect may increase bleeding risk

Solanum dulcamara Contains toxic glycoalkaloid solanine plus 
 solanidine and dulcamarin

Solanum nigrum Unripe fruit contains toxic solanine

Urtica dioica “Stinging nettle” produces urticaria, a painful  
skin inflammation
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FIGURE 1 Medicinal Plant Shop in Miami.

FIGURE 2 Medicinal Plant Shop with Religious Articles.
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FIGURE 3 Medicinal Plant Shop with Life-Size Religious Statues.

FIGURE 4 Medicinal Plant Shop in Miami Offering Health Consultations.
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DISCUSSION

On a stage set by the ancient history of medicinal plant experimentation, modern 
field research carries on the discovery of healing botanical products while labo-
ratory investigations continue to verify their biochemical bases. Anthropological 
evidence indicates that medicinal plant exploitation is a highly adaptive, cross-
culturally universal behaviour. Hoffmann [12, p. 10] states “Herbalism is com-
mon to all peoples and cultures of the world. The shared experience of alleviating 
suffering through the use of plant medicines bridges cultural divides, religious 
differences, and social conflicts.” In many populations around the world phyto-
medicine today remains the “treatment of choice” for a broad spectrum of health 
problems and serves as the “first line of defense” against potential health hazards 
in the future. Medicinal plants thus continue to play an indispensable role in both 
therapeutic and preventive medicine. An increasing number of modern synthetic 
drugs are botanically based as well. Against this background it has been discov-
ered that in many cultures throughout the world botanical diuretics continue to 
be recognized as efficacious in treating and preventing excretory system disor-
ders ranging from prostate-related blockages to urinary incontinence.

After years of experimentation in a wide range of societies, it has been 
revealed that many of the diuretic plants compiled in the present review contain 
phytochemicals that can deliver positive results. Several alkaloids, flavonoids, 
saponins, steroids, cardiac glycosides, and phenolics have been shown to induce 

FIGURE 5 Medicinal Plant Shop that Sells Religious Figurines and Images, Bath Products, 
Books, Candles, Herbs, and Related Containers and Utensils.
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diuresis and provide other health benefits. Research indicates that saponin and 
arbutin not only promote diuresis, they also can act to help eliminate extant 
infections, strengthen immunity, and reduce inflammation and edema. Botani-
cally derived diuretic substances thus embody the general observation of the 
multiple therapeutic effects of medicinal plants resulting from the myriad of 
curative bioavailable chemicals they contain.

As Table 2 illustrates, the complex nature of plant structures and their com-
ponent chemicals contributes to their documented varied applications. The wide 
range of phytochemicals found in each species is likely responsible for their 
multiple documented beneficial outcomes. Briskin [26, p. 508] makes the fol-
lowing statement: “The benefits of phytomedicines often result from synergistic 
actions of multiple active chemicals.” Daniel [27] estimates that there are more 
than two million bioactive chemical components stored in the plant kingdom.  
A single plant species can contain several thousand potentially useful bio-
chemical components. The potential medicinal power and healing energy of 
this natural resource are thus practically unlimited. Plant species contain both 
primary and secondary metabolites, and generally a low number of the latter 
are biochemically active. As is the case with all medications, the placebo effect 
operates to a certain extent to deliver positive outcomes with botanically based 
treatment regimens.

Time-tested diuretic plant species represent a promising approach to sys-
temic disinfection and curing through the elimination of a wide range of toxins 
and poisons. By drawing water and contaminated fluids from body cells and 
increasing urination, diuretics can rapidly flush troublesome disease-producing 
agents and dietary by-products from a variety of organs and tissues. By alter-
ing patterns of urine discharge, they might also be successfully deployed in 
the treatment of urinary blockages or incontinence. The massive stockpile of 
diuresis-inducing plant species compiled in the present review attests to the 
extensive experimentation that has transpired towards achieving this goal. With 
relatively few side effects in comparison to synthetic drugs, the diluted and 
distilled botanical preparations represent a relatively safer alternative to pre-
scription diuretics, for example those with the generic names furosemide (trade 
name = Lasix®; chemical formula = C12H11CLN2O5S), terazosin hydrochloride 
(trade name = Hytrin®; chemical formula = C19H25N5O4.HCL), and tamsulosin 
hydrochloride (trade name = Flomax®; chemical formula = C20H28N2O5S.HCL). 
These drugs are regulated by the U.S. Food and Drug Administration (FDA), 
while the Dietary Supplement Health and Education Act of 1994 places herbs 
under the general category of foods rather than drugs and requires these prod-
ucts to be labelled as dietary supplements that can be sold over-the-counter 
without a prescription [28].

Safety considerations in the use of diuretic herbs will continue to be of 
paramount importance in the future. Blackwell [29] has documented over 600 
plant species that are harmful, toxic, poisonous, or potentially lethal to humans. 
An updated list containing numerous other toxic or contraindicated species 
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was recently published [30]. The appropriate use of medicinal plants involves 
assessing risks and achieving a positive balance between obtaining curative 
effects and avoiding potential toxicity. Since diuresis-inducing phytochemicals 
also affect blood pressure, possibly harmful cardiovascular outcomes or other 
side effects could result from relatively rapid fluctuations in arterial blood flow.

Additional useful plant products, including those prescribed for diuresis, will 
undoubtedly be discovered in future research. Wang [31] points out that only about 
15% of the estimated 300,000 known species of higher plants have been scientifi-
cally tested and proven to be therapeutically safe and effective in cross-cultural 
investigations of medical pharmacopoeias. Rigorous double-blind clinical trials 
are required to continue the process of verification of the therapeutic value and 
safety of botanical drugs and medications. Despite the lengthy history of knowl-
edge and use of medicinal plants, in many societies they still remain an under-
rated and often overlooked important natural resource. Additional chemical and 
 ethnobotanical data are required to identify and verify their purported efficacy.

CONCLUSION

Extensive research and experimentation in different societies has resulted in 
the discovery of an impressive array of botanical species with chemical compo-
nents conducive to achieving the beneficial effects of the healthful production 
and flow of urine. Past trial-and-error by healers in different cultures and recent 
controlled scientific investigations have paved the way for modern researchers 
towards fruitful avenues for future discoveries of plant species that can serve 
as safer sources of diuretics, urinary system modifiers, toxin eliminators, blood 
pressure stabilizers, and fertility regulators. An important feature of the healers’ 
journey to discovery and verification has been the identification of the appropri-
ate and safe plant parts, preparation methods and combinations, and strategies 
for maximizing healthful outcomes while reducing the potential for toxicity.

Throughout history and cross-culturally, healers have employed procedures 
and medicinal substances to expel toxins, poisons, evil spirits, etc. from a sick 
patient’s body. Purging, blood-letting, sweat induction and the use of natural 
laxatives, expectorants, and diuretics are all prominently featured in traditional 
medical systems. Diuretic herbs have been frequently prescribed to rid the body 
of excess fluids through increased urine production, as well as for detoxifica-
tion and dehydration for such conditions as high blood pressure, kidney infec-
tions, obesity, and the edema associated with pre-menstrual syndrome (PMS) or 
traumatic injuries. A survey of 92 medicinal plant shops (“botanicas”) in Miami, 
Florida discovered 13 botanical species sold specifically for their diuretic effects. 
An additional 394 species used for this purpose worldwide were catalogued in 
the literature for a total of 407. These plants contain a number of phytochemi-
cal compounds that induce diuresis, including saponin (C27H42O3) and arbutin 
(C12H16O7). Research suggests that saponin ingestion is associated with reduced 
incidence of kidney stones, and arbutin has an anti-bacterial effect on the urinary 
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tract. Many of the plants contain a number of flavonoids and polyphenols which 
also may impart therapeutic benefits for the renal system. The two main prepara-
tion methods of herbal medicines—decoction and infusion—permit the extraction 
and concentration of their curative bioactive constituents while simultaneously 
eliminating or neutralizing toxins, irritants and impurities. The most commonly 
utilized plant parts to produce traditional diuretic medications are leaves, stems, 
seeds, roots, berries, barks, saps, resins, pollens, and fruit juices. Many of the 
plants used as diuretics are also recommended by traditional healers for a variety 
of other health problems, including high and low blood pressure, dental disorders, 
and fertility-related applications. Rigorous double-blind/placebo trials are needed 
to verify the therapeutic value and safety of botanical diuretics.
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Chapter 2

The Artemisia L. Genus: 
A Review of Bioactive 
Sesquiterpene Lactones

INTRODUCTION

The use of plants as medicines goes back as far as early man. Certainly the 
great civilisations of the ancient Chinese, Indians and North Africans provided 
written evidence of man’s ingenuity in utilising plants for the treatment of a 
wide variety of diseases. Medicinal plants are nature’s gift to human beings 
for making a disease-free healthy life, and play a vital role in preserving our 
health. It was not until the nineteenth century that man began to isolate the 
active principles of medicinal plants and one particular milestone was the dis-
covery of quinine from Cinchona L. bark by Pelletier and Caventou in 1820. 
This discovery led to an interest in plants from the New World and expedi-
tions scoured the almost impenetrable jungles and forests in the quest for new 
medicines. Laboratories became centres for isolating the active principles of 
medicinal plants from around the globe. Prior to World War II, a series of natu-
ral products isolated from higher plants became clinical agents, and a number 
are still in use. Despite these discoveries, the impact of phytochemistry on new 
drug development waned and inevitably the innovative pharmaceutical industry 
turned to synthetic chemicals.

However, during recent years the attention of the pharmaceutical industry 
has switched once more to the natural world, as illustrated by referring three 
clinical drugs, taxol, etoposide and artemisinin. Artemisinin, Fig. 1, is an 
unusual sesquiterpene lactone endoperoxide that has been isolated as the active 
principle of the Chinese antimalarial herb Artemisia annua L. Medicinal herbs 
from traditional Chinese medicine, such as Artemisia genus, hold a unique 
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 position since this enormous variety of drugs of plant origin is founded on more 
than 5000 years of tradition.

The genus Artemisia L., usually represented by small herbs and shrubs, is 
one of the largest genera in the Compositae family consisting of more than 500 
species, which is predominantly distributed in the northern temperate region 
of the world in the 0–50cm precipitation area. Many species have been used 
since ancient times as folk remedies in various treatments (reducing phlegm, 
relieving cough, invigorating blood circulation, stopping pain, inducing sweat, 
diuresis, antihypertension, anthelmintic, antitoxic and antiallergy). According 
to the literature, over 260 Artemisia species have been investigated to reveal 
that they contain many classes of secondary metabolites, including sesquiter-
pene lactones. As reported, some substances from the genus were shown to be 
antimalarial, antiviral, antitumour, antipyretic, antihemorragic, anticoagulant, 
antianginal, antioxidant, antiulcerogenic and antispasmodic [1].

Different families of sesquiterpene lactones have been reported from this 
genus, eudesmanolides, guaianolides and germacranolides being the most com-
mon. Among the major therapeutical applications of this class of compounds, 
artemisinin from A. annua is undoubtedly a lead compound as a potent antima-
larial agent [2–6]. Clinical trials have demonstrated that artemisinin is an effec-
tive antimalarial drug and can be used to treat infections of multidrug-resistant 
strains of Plasmodium falciparum, the cause of human malignant cerebral 
malaria. Since the discovery of artemisinin and its successful clinical trials as an 
antimalarial drug, there has been an increasing interest in the genus Artemisia. 
This genus has a medicinal history reaching back over two millennia and some 
of its extracts and isolates are of proven efficacy, officially recommended by the 
World Health Organization.

This review will focus, after an ethnopharmacological presentation of the 
genus, on the significant achievements of recent years (2000 to date) regard-
ing the chemical and biological properties of sesquiterpene lactones from the 
Artemisia species, with particular attention to their antimalarial, cytotoxic and 
anti-inflammatory effects. The discussion will also focus on the understanding 
of their mechanism of action and structure/activity relationships.
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FIGURE 1 Structure of artemisinin.
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ETHNOPHARMACOLOGICAL USES OF ARTEMISIA SPECIES

Many general traditional medicinal uses of Artemisia include treatments for 
wounds and ulcers, headaches, gastrointestinal illnesses and bacterial/fungal 
infections. Some Artemisia species have also been integral components of tradi-
tional oriental medicines, and have generally been used as spasmolytics, analge-
sics and sedatives for symptoms associated with nervous disorders. One of the 
primary uses of several Artemisia species and the traditional medicines derived 
from them is the treatment of hypertension, diabetes and malaria; more details 
are given below [7–21].

Preparations of Artemisia abrotanum L. (“southernwood”) have been used 
in traditional medicine for treating a variety of disorders and diseases, includ-
ing upper airway diseases. Some of the earliest Greek and Roman traditional 
medicinal sources of southernwood include its uses as an anti-inflammatory or 
spasmolytic, to clear respiratory passages and facilitate breathing. This knowl-
edge also dates back to medieval and Renaissance medicine, and was further 
developed and refined over centuries of use in European medicine.

Herba Artemisia absinthium L., also known as “wormwood”, is described in 
books of pharmacopoeia in many countries around the world, and is certainly 
of ethnopharmacological interest. It is known by a variety of names depend-
ing upon the country. Wormwood enjoys widespread use and was held in high 
esteem among the ancients. The name “wormwood” is derived from its anthel-
mintic properties, which were recognized by the ancient Egyptians. Wormwood, 
with regard to its bitter taste, is mentioned several times in the Bible. The Greek 
word “apsinthion”, meaning “undrinkable”, is likely the ancestor of the word 
“absinthe”, which is used in French for the plant species, as well as for the alco-
holic beverage. The Greek mathematician and philosopher Pythagoras recom-
mended wine-soaked wormwood leaves to alleviate labour pains; Hippocrates 
used wormwood extracts for the treatment of menstrual pain and rheumatism.

Artemisia abyssinica Schultz-Bip., known as “chikugn” in Ethiopia, is quite 
commonly used in traditional medicine and in rituals, especially during the 
Ethiopian New Year and “Meskel” (the finding of the “true cross”) festivities. 
It is reported as being used as a remedy for heart troubles and as a cough cure. 
It is also indigenously employed for treatment of rabies, tonsillitis, gonorrhoea, 
cough, syphilis and leprosy. In Saudi Arabia, the decoction of the fresh whole 
plant is traditionally used to treat diabetes mellitus.

Artemisia afra (Jacq. Ex. Willd) (known as “koddoo-adi” in Ethiopia) 
is widely used in combination with other herbs as a remedy against head-
ache, eye disease, haematuria and stabbing pain. It is also employed alone as  
antifertility agent.

Artemisia annua L. (known as “quinghao” in China) is a common weed over 
large parts of eastern Europe and Asia, and has become naturalized in North 
America. It is cultivated on commercial scale in eastern China, in the Balkans, 
and more recently in India and Africa. In Chinese traditional medicine, it is used 
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for the treatment of malaria, haemorrhoids and fever. Nowadays, this plant is 
being cultivated on experimental basis in Ethiopia, and is sold as herbal tea for 
the treatment of malaria in Ethiopia and in many other countries of Africa.

Artemisia anomala S. Moore (Chinese name “nan-liu-ji-nu”) has been used 
for centuries in Chinese folk medicines for its functions as an analgesic, haemo-
static and antibiotic and for curing wounds.

Artemisia apiacea Hance is widely distributed on wasteland and river 
beaches of Korea, Japan and China. The plant has been used as traditional medi-
cine to treat eczema, jaundice, fever and alopecia.

Artemisia arborescens L. is an aromatic plant endemic in Mediterranean 
regions and very common in Sardinia, which has been used as a treatment for 
inflammation, headache and to alleviate urticaria, rheumatic pain, neuralgia and 
gastrointestinal pain. It is also used as a bronchodilator and as a lenitive of renal 
colic and haematic fits caused by favism.

Artemisia argyi Levl. et Vant., whose leaves are known as “gaiyou”, is a 
widely used traditional Chinese medicine. The plants are used to treat eczema, 
inflammation, haemostasis, menstruation-related problems and tuberculosis.

Artemisia asiatica Nakai is widely used as a traditional Asian medicinal 
plant for the treatment of gastritis; it also has an anti-inflammatory effect.

Artemisia brevifolia Wall. ex DC., locally named as “afsanteen” is widely 
used in ethno-veterinary medicine system in Pakistan as an anthelmintic.

Artemisia capillaris Thunb. has been used for the treatment of liver diseases 
such as hepatitis, jaundice and fatty liver in traditional oriental medicine.

Artemisia copa Phil, commonly known as “copa-copa”, is a small bush that 
grows in northwest Argentina and in northern Chile. The plant is regularly sold 
in local markets and herbal health food stores, and the infusion of the aerial 
parts are used in popular medicine as an antitussive, digestive, for lowering 
fever, pulmonary diseases and hypertension.

Artemisia diffusa Krasch. ex Poljak is used by local people in Iran as an 
anthelmintic. The plant cooked in water is used to promote wound healing. The 
decoction extract is topically administered to cure infectious wounds.

Artemisia douglasiana Besser (“California mugwort”) is a common perennial 
herb found throughout the western United States, especially northern California, 
Oregon and Washington. The plant is used to promote menstruation, as a stimu-
lant, tonic, to treat nervous disorders and as a diuretic. In Argentina, A. dougla-
siana leaves are used in folk medicine, where the plant is known by the vernacular 
name of “matico”. The popular use of the infusion is as a cytoprotective agent 
against peptic ulcer, and it is also used for the treatment of external sores.

Artemisia dracunculus L. or “Russian tarragon” is a perennial herb. Many 
edible and medicinal uses have been attributed to this species, and it has been 
commonly used in many recipes for flavouring food for centuries. A. dracuncu-
lus is a close relative of the French or “cooking tarragon”. The plant is known 
for its anticoagulant and antiepileptic activities in Iranian folk medicine. Due 
to the mild sedative nature of the plant, it has also been used as a sleep aid.  
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A. dracunculus has also a traditional Persian history of use as an agent to correct 
the hyperglucemia associated with the diabetic condition, and for the treatment 
of headaches and dizziness.

Artemisia feddei LEV. et VAN. is a perennial herb growing in Korea. The 
aerial parts have been used in folk medicine in oriental countries as an anti-
inflammatory, choleretic, antipyretic and diuretic agent, and against digestive 
disorders.

Artemisia fukudo Makino is distributed along the shorelines of South Korea’s 
Jeju Island and in the south of the Korean Peninsula, in Japan and Taiwan. This 
plant is used as a flavouring agent and in a variety of cosmetics in Korea. It also 
has various medicinal uses, including as an anti-inflammatory, antitumour and 
antibacterial agent.

Artemisia genipi Weber, a mountain wormwood, is used for the production 
of the celebrated alpine liqueur genepy.

The endemic Cape Verdean Artemisia gorgonum Webb is used in local folk 
medicine as a treatment for symptoms associated with fever.

Artemisia herba-alba Asso. is widely used in Algerian folk medicine for 
treatment of gastric disorders such as diarrhoea, abdominal cramps and for heal-
ing external wounds. Uses for diabetes mellitus and other conditions such as 
jaundice are also reported, and the species is recommended for neurological 
disorders.

Artemisia iwayomogi Kitamura is a perennial small herbal plant that has 
long been used as a chemopreventive agent in traditional Korean medicine. The 
aerial parts of A. iwayomogi have been used in oriental traditional medicine to 
cure various infectious diseases such as carbuncle, sores, colecistitis and hepa-
titis, and to treat fever, inflammation and jaundice.

Artemisia keiskeana Miq. grows as a perennial herb in mountainous areas of 
Korea and is widely distributed. The plant has been used as a traditional crude drug 
for the treatment of gynaecopathy, amenorrhoea, bruising and rheumatic diseases.

The inhabitants of north-eastern Mexico use an infusion of leaves of Arte-
misia ludoviciana Nutt as an antidiarrhoeal remedy. People also drink the infu-
sion to alleviate the pain caused by hepatic colic in gallstone cases due to its 
antispasmodic action, as well as being anthelmintic, stomachic, appetizer, regu-
lator of menstruation and antimalarial.

Artemisia minor Jacq. ex Bess. grows uniquely on the Qinghai–Tibet plateau 
in China. It has long been used for the treatment of fever, rheumatism, dysen-
tery, scabies and bruising.

Artemisia oliveriana J. May ex DC. is used by local people in Iran as an 
anthelmintic.

Artemisia ordosica Krasch. is widely distributed in dry areas of east Asia. 
The aerial part is very often utilized in Mongolian folk medicine for the treat-
ment of laryngitis, pharyngitis, haemorrhage and rheumatoid arthritis.

The species Artemisia princeps Willd (“dietary wormwood”) is a common herb 
widely spread in northeast Asian countries. The decoction of the herb has been used 
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as health food and for the treatment of inflammation, diarrhoea and circulatory dis-
orders and as a hepatoprotective and antibacterial agent in Korea, China and Japan.

Artemisia rubripes Nakai has been used as a traditional Korean medicine for 
stomach-ache, vomiting, diarrhoea and as a haemostatic agent.

Artemisia santonicum L., which is known as “deniz yausani” and “kokulu 
yausan”, grows in sandy places and salted land in Turkey. The plant has been 
used as an anthelmintic and in the treatment of diabetes.

Artemisia scoparia Waldst. & Kit. (“redstem wormwood”) is a faintly 
scented annual herb widespread and common throughout the world, particularly 
in southwest Asia and Central Europe. It possesses antibacterial, anticholes-
terolemic, antipyretic, antiseptic, cholagogue, diuretic, purgative and vasodila-
tor activity, and has also been used for treatment of gall bladder inflammation, 
hepatitis and jaundice, and as an insecticidal agent.

Artemisia sphaerocephala Krasch is an important resource in north-western 
China, and has potential pharmaceutical value and an environmental protection 
function.

Artemisia spicigera C. Koch., locally named “yausan” in Turkish, is wide-
spread in middle and eastern Anatolia, and is traditionally used for skin diseases 
and ulcerative sores. The dried leaves of this plant are also used to help induce 
more rapid healing of wounds and for the treatment of eczema and herpes.

Artemisia sylvatica Maxim. has been used in Chinese natural medicine and 
is prescribed as both a haemostatic and sedative agent in Chinese traditional 
preparations.

Artemisia thuscula Cav., a synonym of Artemisia canariensis (Bess.) Less-
ing, is an endemic Canary Islands species which has been used in local Canarian 
folklore medicine as a panacea for a great diversity of health problems. Tradi-
tionally this plant has been used as a diuretic, hypoglycaemic, antidiarrhoeic, 
uricosuric, spasmolytic, stomachic, carminative, vermifuge, tranquilizer, pecto-
ral and anticatarrhal agent, and is still used today. Furthermore, it is used as a 
mosquito repellent and for other harmful insects or pests of people or harvest 
crops, by means of aromatic smoke.

In the western United States, Artemisia tripartita Rydb. (“three-tip 
 sagebrush”) is a native species that has been used by native Americans in the 
treatment of colds, sore throats, tonsillitis, headaches and wounds.

The bitter vegetable “mountain wormwood”, Artemisia umbelliformis Lam., 
is used for the production of genepy, the celebrated bitter alpine liqueur, recently 
granted a Geographical Indication status by the European Community.

Artemisia vetista Wall is distributed on wasteland and river beaches of 
China, and has been widely used in traditional Tibetan and Chinese medicine 
for treating various inflammatory diseases.

Artemisia vulgaris L. is a medicinal herb found throughout the Philippines. 
The juice of the leaves is used as a vulnerary, while a decoction of the leaves 
and flowering tops is considered to be an expectorant. The leaves are also con-
sidered to be carminative and emmenagogue.
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SESQUITERPENE LACTONES FROM ARTEMISIA GENUS

Sesquiterpene lactones are a colourless, bitter and stable subfamily of terpe-
noids, a class of secondary metabolites with a lipophilic character. They are 
a diverse group of terpenoids with a characteristic isoprenoid ring system, a 
lactone ring containing a conjugated exomethylene group (α-methylene-γ-
lactone). Sesquiterpene lactones constitute a large and diverse group of bio-
logically active plant constituents that are emerging as one of the largest groups 
of plant products, with over 3000 naturally occurring substances known. They 
are almost exclusively derived from Asteraceae, but are also found in Umbel-
liferae and Magnoliaceae. With a few exceptions, the active sesquiterpene lac-
tones contain an exocyclic α,β-unsaturated lactone moiety. The classification of 
the different skeletal types of lactones is based on the carbocyclic skeletons in 
which the suffix “olide” indicates the presence of a lactonic function.

Sesquiterpene lactones are 15-carbon compounds consisting of three 
isoprene units and a lactone group (cyclic ester). They can be categorized, 
relative to their carbocyclic skeleton, into the following major groups: ger-
macranolides (10-membered ring); eudesmanolides and eremophilanolides 
(all 6/6-bicyclic compounds); and guaianolides, pseudoguaianolides and 
hypocretenolides (all 5/7-bicyclic compounds). The germacranolides can be 
considered the biogenetic precursors for the other skeletal types of lactones, 
and represent the largest group.

The most widespread sesquiterpene lactones reported in the Artemisia genus 
are guaianolides, but germacranolides- and eudesmanolides-type have also been 
isolated. Artemisinin, Fig. 1, is an unusual sesquiterpene lactone endoperoxide 
abundant in A. annua, to which the medicinal properties of this herb are attrib-
uted [8,11]. This compound has also been isolated from other Artemisia species 
such as A. scoparia [22]. Sesquiterpene lactones chemically related to artemis-
inin have also been identified from other Artemisia species. Artemisolide, Fig. 2, 
is a new class of sesquiterpene lactone with a cyclopropane ring system. This 
compound, together with arteminolides A, B, C and D, Fig. 3, has been isolated 
from A. argyi [23,24].
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FIGURE 2 Structure of artemisolide.
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However, a survey of currently available chemical data suggests that guaiano-
lic-types are the main classes of sesquiterpene lactones in Artemisia species. 
Some of these compounds were isolated by bioassay-guided fractionation, after 
previously detecting activity on the part of the plant. Three new guaianolide 
sesquiterpene lactones, together with six known sesquiterpenes, were isolated 
by bioassay-guided fractionation from the methanol extract of the aerial parts 
of A. sylvatica [25]. From A. anomala, Wen et al. [26] isolated a new dimeric 
guaianolide, Fig. 4, together with several known sesquiterpene lactones. This 
species also yielded several 1,10-secoguaianolides such as secotanapartholide 
C, Fig. 5, 3-methoxytanapartholide, 3-O-methyl-iso-secotanapartholide and 
2α-chloro-iso-secotanapartholide [27].

Investigations into the Chinese folk medicine Artemisia dubia Wall. have 
resulted in the isolation of eight new guaianolides, artemdubolides A–H [28], 
while Artemisia suksdorfii Piper, a native perennial of the coastal Pacific north-
west area of the United States, yielded seven new sesquiterpene lactones of 
the guaianolide structural type [29]. The chromatographic separation of a 
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methylene chloride extract of A. rubripes, a Korean traditional medicine, led 
to the isolation of a new sesquiterpene lactone, 1α,4β-dihydroxy-8α-acetoxy-
guaia-2,10(14),11(13)-triene-6,12-olide [30].

Vulgarone B, Fig. 6, is a sesquiterpene ketone abundant in A. iwayomogi, 
to which the antimicrobial properties of this herb are attributed [31]. This com-
pound has also been isolated as the active constituent of A. douglasiana [32]. 
This species also yielded the antimicrobial sesquiterpene lactone dehydroleu-
codine [33].

Besides germacranolides and guaianolides, reports on the identification of 
sesquiterpene lactones of eudesmanolide type in Artemisia genus have also been 
found in the literature, such as 1β,6α-dihydroxy-4(15)-eudesmene isolated from 
A. rubripes [30]. Examples of other sesquiterpene lactones isolated from Arte-
misia genus also included guaianolides, secoguaianolides and germacranolides 
isolated from A. gorgonum, an endemic Cape Verdean Artemisia species [34].

PHARMACOLOGICAL ACTIVITY OF ARTEMISIA GENUS

Antimalarial and Other Anti-infective Activities

Malaria is an age-old disease which has had a large influence on the economies 
and development of nations for millennia. Despite major international efforts, 
malaria still inflicts an enormous toll on human lives, especially in Africa [35]. 
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This disease is a global health problem that threatens 300–500 million people 
and kills more than one million people annually.

Today we know that malaria is a vector-borne infectious disease caused by 
the protozoan Plasmodia parasite. There are four types of Plasmodium species 
namely P. falciparum, Plasmodium vivax, Plasmodium malariae and Plasmo-
dium ovale, while the vector carrying and transmitting the disease is the female 
of the Anopheles mosquito species. It is widespread in tropical and subtropical 
regions, including parts of the Americas, Asia and Africa. Malaria is commonly 
associated with poverty, but it is also a cause of poverty and a major hindrance 
to economic development. Mortality, currently estimated at over one million 
people per year, has risen in recent years, mainly due to increasing resistance to 
antimalarial medicines [36].

Malaria control requires an integrated approach consisting mainly of preven-
tion, including vector control and the use of effective prophylactic antimalarials, 
and treatment of infected patients with effective antimalarials [37]. Throughout 
history, antimalarial medicines have been one of the most powerful tools in 
malaria control. However, the emergence and spread of parasite strains that are 
resistant to multiple antimalarial drugs has become one of the greatest chal-
lenges to malaria treatment, and is associated with the increase in morbidity and 
mortality in many malaria-endemic countries. The antimalarial chloroquine, 
formerly a mainstay of malaria control, is now ineffective in most P. falciparum 
malaria areas, and resistance to other antimalarials is increasing rapidly. To deal 
with this grave situation, artemisinin-based combinatory therapies (ACTS) have 
been introduced and widely deployed in malarial regions.

The Chinese medicinal plant A. annua (“qinghao”) is the known source of 
the sesquiterpene lactone artemisinin, Fig. 1 (“qinghaosu”), which is used in 
the treatment of malaria [38]. Artemisinin is a highly oxygenated sesquiterpene 
lactone, containing a unique 1,2,4-trioxane ring structure, which is responsible 
for the antimalarial activity of this natural product. Clinical trials have dem-
onstrated that artemisinin is an effective antimalarial and can be used to treat 
infections of multidrug-resistant strains of P. falciparum. Since artemisinin was 
discovered to be the active component of A. annua in the early 1970s, hundreds 
of papers have focused on the antiparasitic effects of artemisinin and its semi-
synthetic analogues dihydroartemisinin, artemether, Fig. 7, arteether and arte-
sunate [39]. Some of the semi-synthetic derivatives, including artemether (the 
methyl ether of dihydroartemisinin) have improved pharmacokinetic properties 
and are also of current clinical use. As described above, the active moiety of 
artemisinin is 1,2,4-trioxane, and a series of synthetic analogues show marked 
activity against Plasmodium species in vivo and in vitro.

Nowadays, artemisinin and its derivatives have become essential compo-
nents of antimalarial treatment, and these ACTS are recommended by the World 
Health Organization to treat especially multidrug-resistant forms of malaria. 
Drug combinations based on artemisinins offer an effective possibility to coun-
teract drug resistance.
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There is considerable debate regarding the mechanisms of antimalarial 
action of artemisinins. P. falciparum multiplies in red blood cells, and diges-
tion of haemoglobin during its 48h asexual life cycle is essential for parasite 
survival. For many years, artemisinins have been proposed to act on parasite 
haemoglobin-digestion processes within the “food vacuole”. Other studies 
have indicated that artemisinins could also target the parasite mitochondrian or 
the translationally controlled tumour protein and PfATP6, a parasite-encoded 
sarcoplasmic–endoplasmic reticulum calcium ATPase. Briefly, the mechanism 
of action of artemisinin appears to involve two steps. In the first step (activa-
tion), intra-parasitic iron catalyses the cleavage of the endoperoxide bridge and 
the generation of free radicals. In the second step (alkylation), the artemisinin-
derived free radicals form covalent bonds with parasite proteins.

An endoperoxide bridge lies at the heart of the antiparasitic activity of arte-
misinin, although the chemical nature of the interactions between artemisinins 
(particularly the essential endoperoxide) and parasite target(s) is not well under-
stood. The cleavage of the endoperoxide moiety leads to the formation of reac-
tive oxygen species (ROS) and carbon-centred radicals. These highly reactive 
molecules target several proteins in Plasmodia, which is thought to result in 
the killing of the microorganisms. The role of ferrous species in the antima-
larial actions of artemisinins is also debated, because these cations can catalyse 
in vitro reactions of some artemisinins, including their decomposition in aque-
ous solutions [40].

Besides artemisinin, other sesquiterpene lactones isolated from Artemisia 
species also showed antimalarial properties. Leaves and flowers of A. gor-
gonum were phytochemically investigated and resulted in the isolation and 
characterization of several sesquiterpene lactones, 11 guaianolides, 1 sec-
oguaianolide and 2 germacranolides [34]. Most compounds exhibited modest 
antiplasmodial activities, with ridentin, Fig. 8, and hanphyllin, Fig. 9, being 
the most interesting compounds, with an inhibitory concentration 50 (IC50) of 
5.4 and 2.3µg/ml against P. falciparum, respectively. The antimalarial activ-
ity of these compounds may be attributed to the exomethylene group of the 
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lactone function, which is an essential group for biological activities of ses-
quiterpene lactones.

Besides its use in the treatment of malaria, the bioactivity of artemisinin and 
its derivatives is much broader. These compounds have also been submitted to 
studies aimed at exploring other uses for this drug class.

Artemisinins are active against other parasite species in vitro, including 
protozoa that are phylogenetically unrelated to apicomplexan parasites such as 
the Plasmodium species that cause malaria, particularly Leishmania. Visceral 
leishmaniasis, caused by the protozoan Leishmania sp., affects 500,000 people 
annually, with the Indian subcontinent contributing a significant proportion 
of these cases. Emerging refractoriness to conventional antimony therapy has 
highlighted the need for safer yet effective antileishmanial drugs. Artemisinin 
demonstrated antipromastigote activity with IC50 ranging from 100 to 120µM 
in the Leishmania species studied (Leishmania donovani, Leishmania infan-
tum, Leishmania tropica, Leishmania mexicana, Leishmania amazonensis and 
Leishmania braziliensis) [41]. L. donovani-infected macrophages demonstrated 
decreased production of nitrite as well as mRNA expression of inducible nitric 
oxide synthase (iNOS), which was normalised by artemisinin, indicating that 
it exerted both a direct parasiticidal activity as well as inducing a host protec-
tive response. For in vivo studies, the BALB/c mouse model meets eligibility 
requirements such as the chronic infection pattern, which resembles human 
visceral leishmaniasis. In these studies, treatment with artemisinin led to a 
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significant reduction in splenic weight, which was accompanied by a signifi-
cant inhibition of parasites and a restoration of cytokines such as interferon-γ 
and interleukin-2 (IL-2). These findings have delineated the therapeutic poten-
tial of artemisinin in experimental visceral leishmaniasis. In addition, and as 
shown in recent years, its potential application includes the treatment of infec-
tions from several viruses such as human cytomegalovirus and other members 
of the Herpesviridae family (e.g., herpes simplex virus type 1 and Epstein-Barr 
virus), hepatitis B and C virus, and bovine viral diarrhoea virus [42–44], infec-
tions from the insects Epilachna paenulata and Spodoptera eridania [45], the 
parasite Eimeria tenella [46] and from Haemonchus contortus, a blood-sucking 
abomasal parasite of small ruminants which is responsible for major losses to 
producers worldwide [47].

Artemisinin is not the only medicinal compound in Artemisia species. The 
genus is a rich source of other sesquiterpene lactones that might also have simi-
lar properties, with low risk of mammalian toxicity. (+)-Santonide, Fig. 10, is 
an anthelmintic sesquiterpenoid keto lactone, obtained from various Asia Minor 
species of Artemisia, that has recently aroused considerable pharmaceutical 
interest [48].

Chung et al. [31] investigated the antibacterial activities of vulgarone B, 
Fig. 6, a component of A. iwayomogi, against some antibiotic susceptible and 
resistant human pathogens. These results demonstrated that vulgarone B may 
be a promising candidate for a safe, effective and natural agent against anti-
biotic-resistant Staphylococcus aureus. The antibiotic mechanism involved 
might be related to DNA cleavage. This compound is also isolated as an active 
antifungal constituent from A. douglasiana [32]. Vulgarone B showed anti-
fungal activity against Colletotrichum acutatum, Colletotrichum fragariae, 
Colletotrichum gloesporioides and Botrytis cinerea. For the studies of struc-
ture–activity relationship, it is evident that the α,β-unsaturated carbonyl group 
is essential for the antifungal activity of vulgarone B, postulating that one of 
the possible modes of action of this antifungal compound may be due to its 
role as a Michael-type acceptor for biological nucleophiles. Vulgarone B is 

O

CH3

H

O

CH3

O

CH3

FIGURE 10 Structure of (+)-santonide.



56 Studies in Natural Products Chemistry

not the only medicinal sesquiterpene lactone from A. douglasiana. Dehydro-
leucodine is a sesquiterpene lactone of the guaianolide type isolated from this 
plant, which presented antimicrobial activity against Helicobacter pylori, the 
major cause of chronic gastritis and peptic ulcer, and an important factor in the 
pathogenesis of gastric cancer [33].

Examples of other antimicrobial sesquiterpene lactones isolated from Arte-
misia genus also included seco-tanapartholides from A. princeps, which showed 
growth-inhibitory effects on human intestinal bacteria [49].

Sesquiterpene lactones from Artemisia genus have also been submitted 
to studies aimed at exploring other uses for this drug class. Their antidis-
ease properties include potent anti-inflammatory and anticancer activity in 
in vitro studies and in in vivo models. These investigations are discussed in 
more detail here.

ANTI-INFLAMMATORY AND IMMUNOSUPPRESSIVE 
 ACTIVITIES

The inflammatory process plays a key role in innate and acquired immune func-
tion. Low-grade inflammation is also involved in the ethiology of cardiovascu-
lar diseases, in inflammatory diseases such as arthritis, and in allergies such as 
asthma. There are several reports that various mediators, including nitric oxide 
(NO), prostaglandins (PGs) and cytokines, participate in inflammatory events. 
Inflammatory cytokines are signalling proteins and are expressed in a number 
of tissues, notably monocytes/macrophages, vascular endothelial cells, adipose 
tissue and neurons, which respond to injury or infection. iNOS and cyclooxy-
genase-2 (COX-2) catalyse the formation of NO and PGs, respectively. They 
are induced by cytokines or other inflammatory stimuli such as bacterial lipo-
polysaccharide (LPS) and infectious pathogens. Nuclear transcription factor 
kappa B (NF-κB) regulates various genes involved in immune and acute phase 
inflammatory responses. NF-κB activation, in response to pro-inflammatory 
stimuli, involves the rapid phosphorylation of inhibitors of NF-κB (IκB) by the 
IκB kinase (IKK) signalosome complex. Free NF-κB produced by this process 
translocates to the nucleus, where it binds to κB-binding sites in the promoter 
regions of target genes. It then induces the transcription of pro-inflammatory 
mediators such as iNOS, COX-2, tumour necrosis factor-α (TNF-α), IL-1β, 
IL-6 and IL-8 [50]. The mitogen-activated protein kinase also regulates inflam-
matory and immune responses, and their signalling pathways are involved in 
LPS-induced COX-2 and iNOS expression in macrophages.

A review of the literature concerning the evaluation of artemisinin and other 
sesquiterpene lactones from the Artemisia genus reveals that many studies into 
their in vitro and in vivo anti-inflammatory and immunosuppressive activities 
have been carried out in recent years. Some of these compounds were isolated 
by bioassay-guided fractionation, after previously detecting activity on the part 
of the plant.
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In in vivo experiments, artemisinin, Fig. 1, was able to suppress delayed-
type hypersensitivity against sheep blood capsule in Balb/c mice, suggesting it 
as an immunosuppressive agent [51]. It is probable that artemisinin leads to a 
decrease in IL-2 and its receptors and probably blocks IL-2 activity. Addition-
ally, artemisinin inhibits iNOS and NF-κB activation [52].

Guardia et al. [53] investigated the effect of dehydroleucodine isolated 
from A. douglasiana in two experimental models: arthritis induced by Freund’s 
adjuvant carrageenan and cotton pellet-induced granuloma. This sesquiterpene 
lactone inhibited both chronic and acute adjuvant carrageenan-induced inflam-
mation phases, and was most effective on the chronic phase. In the granuloma 
test, the compound also inhibited inflammation. It is suggested that the anti-
inflammatory activity of dehydroleucodine may be attributed to interference 
with multiple targets on the level of transcription factors, such as NF-κB and 
cytokines.

Artemisolide, Fig. 2, was isolated as an NF-κB inhibitor from A. asiatica 
by activity-guided fractionation [54,55]. This compound inhibited NF-κB 
transcriptional activity in LPS-stimulated macrophages RAW 264.7, with an 
IC50 value of 5.8µM. The compound was also effective in blocking NF-κB 
transcriptional activities elicited by the expression vector encoding the 
NF-κB p65 or p50 subunits, bypassing the inhibitory κB degradation signal-
ling NF-κB activation. This compound, artemisolide, together with several 
sesquiterpene lactones such as 3α,4α-epoxyrupicolins C–E, 3-methoxy-
tanapartholide, deacetyllaurebiolide, moxartenolide and arteminolides B 
and D, Fig. 3, were also isolated by bioassay-guided fractionation from the 
methanol extract of the aerial parts of A. sylvatica, using the NF-κB medi-
ated reporter gene assay [25]. All isolated compounds displayed inhibitory 
activity on the LPS-induced NF-κB activation, and NO and TNF-α produc-
tion. Several studies have investigated the functional Michael acceptors of 
some sesquiterpene lactones, such as an exomethylene group conjugated to 
a carbonyl group, which can react with biological nucleophiles, especially 
the sulfhydryl group of the cysteine residue in the proteins, which plays 
an important role in the NF-κB activation and DNA binding process [56]. 
All sesquiterpene lactones included in this study contain an α-methylene-
γ-lactone ring as a common functional group. Arteminolide B and D have 
three more possible Michael acceptors other than α-methylene-γ-lactone 
ring, suggesting that the more Michael acceptors in the structure, the stron-
ger the NF-κB inhibitory activity. Furthermore, among the new compounds, 
3α,4α-epoxyrupicolins C–E, C, Fig. 11, showed the most potent effect, 
suggesting that the angeloyloxy group at C-8 may contribute to NF-κB 
inhibition.

Examples of other anti-inflammatory sesquiterpene lactones from the Arte-
misia genus also included dimeric guaianolides from A. anomala [26], and those 
isolated from Artemisia khorassanica Podl., which inhibits iNOS and COX-2 
expression through the inactivation of NF-κB [57].
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ANTITUMOUR ACTIVITY

Carcinogenesis can be viewed as a multistage, microevolutionary process. It 
is generally agreed that tumours can derive from single abnormal cells, and 
work with experimental systems shows that carcinogenesis can be divided into 
three major stages: initiation, promotion and progression. Initiation is a heri-
table aberration of a cell, which appears to be irreversible and can result from 
DNA damage. Cells so initiated can undergo transformation to malignancy if 
promotion and progression follow. Promotion is partly reversible and accounts 
for a major portion of the lengthy latent period of carcinogenesis. The final 
stage of tumour formation is the progression of a benign growth to a malig-
nant neoplasm. There is low growth control, an escape from the host’s defence 
mechanism and metastasis. Because conventional treatments such as surgical 
resection, radiation therapy and chemotherapy are still not satisfactory, preven-
tion of this disease or at least stopping it at its inception is important.

Plants have been demonstrated to be a very viable source of clinically rel-
evant anticancer compounds. However, ethnopharmacological information has 
been poorly utilized in the past in the search for new principles against cancer. 
In many ethnomedical systems, reports of specific antitumour uses of plants are 
rarely found, mainly because cancer is a disease that involves a complex set of 
signs and symptoms. Considering these observations, a set of ethnobotanical 
usages such as immune and skin diseases, inflammation, infections, parasitic 
and viral diseases can be taken into account because they reflect disease states 
bearing relevance to cancer or a cancer symptom.

A review of the literature concerning the evaluation of artemisinin, Fig. 1, 
and other sesquiterpene lactones from the Artemisia genus reveals that there 
have been many studies into their antineoplastic activities in recent years [58]. 
Their antidisease properties include potent anticancer activity in in vitro studies 
and in in vivo models of leukaemia, melanoma, breast, ovarian, lung, prostate 
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and renal cancer cell lines. The pleiotropic response in cancer cells includes 
growth inhibition by cell cycle arrest, apoptosis, inhibition of angiogenesis, dis-
ruption of cell migration and modulation of nuclear receptor responsiveness 
[59]. These effects of artemisinin and its derivatives result from perturbation of 
many cellular signalling pathways, although little is known about the molecular 
mechanisms of this response. However, the mechanism of its antitumour effect 
is its focus on the endoperoxide bridge structure, which reacts with a ferrous 
iron atom to form free radicals leading directly to cellular destruction. In addi-
tion, with the knowledge of a high accumulation of iron in cancer cells, the 
researchers have been interested in the inhibition of calmodulin by artemisinin 
as a possible method for controlling the activity of malignant cells. The investi-
gations showed that artemisinin can inhibit the calmodulin-mediated activation 
of phosphodiesterase [60].

Artemisinin induces cell growth arrest in the human melanoma cell lines 
A375M and A375P, and affects cells viability with cytotoxic and growth-
inhibitory effects, while it was not effective in contrasting proliferation of other 
tumour cell lines such as the human breast adenocarcinoma cell lines MCF7 
and MKN [61]. In addition, artemisinin affected the migratory ability of A375M 
cells by reducing metalloproteinase-2 production and down-regulating α-V-β-3-
integrin expression. These findings introduce a potential of artemisinin as a 
 chemotherapeutic agent in melanoma treatment.

Willoughby et al. [62] reported that artemisinin treatment triggers a strin-
gent G1 cell cycle arrest of lymph node carcinoma of the prostate LNCaP, 
human prostate cancer cell, accompanied by a rapid down-regulation of cyclin-
dependent kinase-2 (CDK2) and CDK4 protein and transcript levels. Tran-
sient transfection with promoter-linked luciferase reporter plasmids revealed 
that artemisinin strongly inhibits CDK2 and CDK4 promoter activity. Deletion 
analysis of the CDK4 promoter revealed a 231-bp artemisinin-responsive region 
between −1737 and −1506. Site-specific mutations revealed that the Sp1 tran-
scription factor site at −1531 was necessary for artemisinin responsiveness in 
the context of the CDK4 promoter. Taken together, these results demonstrated 
that a key event in the artemisinin antiproliferative effects in prostate cancer 
cells is the transcriptional down-regulation of CDK4 expression by disruption 
of Sp1 interactions with the CDK4 promoter. These results suggest that the 
antiproliferative effects of artemisinin on prostate cancer cells, and likely other 
cancer cell types, are independent of its oxidative potential.

Nam et al. [63] investigated the antitumour activity of artemisinin and 
its various derivatives (dihydroartemisinin, dihydroartemisinin 12-benzoate, 
12-(2’-hydroxyethyl) deoxoartemisinin, 12-(2’-ethylthio) deoxoartemisinin 
dimer and deoxoartemisinin trimer) on the oral cancer cell line YD-10B. The 
deoxoartemisinin trimer was found to have greater antitumour effect on tumour 
cells than other commonly used chemotherapeutic drugs such as 5-fluorouracil, 
cisplatin and paclitaxel. Furthermore, the ability of artemisinin and its deriva-
tives to induce apoptosis highlights their potential as chemotherapeutic agents, 
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as many anticancer drugs achieve their antitumour effects by inducing apopto-
sis in tumour cells. In addition, Stockwin et al. [64] investigated two dimeric 
artemisinins to determine their mechanism of action. Dimers were 1000-fold 
more active than monomers, and treatment was associated with increased ROS 
and apoptosis induction. These results highlight the importance of iron, haem 
and ROS in activity. Microarray analysis of dimer treated cells identified DNA 
damage, iron/haem and cysteine/methionine metabolism, antioxidant response 
and endoplasmic reticulum stress as affected pathways, implicating indirect 
endoplasmic reticulum-stress induction as a central mechanism of artemisinin 
dimer activity.

One of these semi-synthetic derivatives of artemisinin, dihydroartemisinin, 
showed apoptosis activity in cultured human lung cancer cells SPC-A-1 [65]. 
These results demonstrated that calcium and survivin participated in the apop-
totic signalling pathways. The observations also indicated that dihydroarte-
misinin down-regulated the mRNA and protein expression level of survivin in 
SPC-A-1, whereas it did not affect those of caspase-4. However, Lu et al. [66] 
demonstrated that dihydroartemisinin induces caspase-3-dependent apoptosis 
in human lung adenocarcinoma ASTC-a-1 cells, in a dose- and time-dependent 
manner, which was accompanied by mitochondrial morphology changes, the 
loss of mitochondrial transmembrane potential and the activation of caspase-3. 
However, the cellular targets and molecular mechanism of dihydroartemisinin-
induced apoptosis is poorly defined. More recently, Lu et al. [67] investigated 
the roles of dihydroartemisinin-elicited ROS in the dihydroartemisinin-induced 
activation of Bcl-2 family proteins, mitochondrial dysfunction, caspase cascade 
and cell death. These findings demonstrate for the first time that dihydroarte-
misinin induces cell apoptosis by triggering ROS-mediated caspase-8/Bid acti-
vation and the mitochondrial pathway, which provides some novel insights into 
the application of this compound as a potential anticancer drug and a new thera-
peutic strategy by targeting ROS signalling in lung adenocarcinoma therapy in 
the future.

Zhou et al. [68] investigated the inhibitory effect of artesunate, another 
semi-synthetic derivative of artemisinin, on angiogenesis and on vascular endo-
thelial growth factor (VEGF) production in chronic myeloid leukaemic K562 
cells in vitro and in vivo. VEGF is a multifunctional cytokine that acts as both a 
potent inducer of vascular permeability and a specific endothelial cell mitogen. 
VEGF is commonly expressed in a wide variety of human tumour cells and 
has been associated with angiogenesis, growth, metastasis and poor outcome 
in solid tumours. The results showed that artesunate could decrease the VEGF 
level in K562 cells, even at a lower concentration (2µM/l). The antiangiogenic 
effect of artesunate was further evaluated in vivo in a chicken chorioallantoic 
membrane neovascularisation model. The results indicate that the stimulating 
angiogenic activity was decreased in response to the K562 cells treated or pre-
treated with artesunate in a dose-dependent manner (3–12µM/l). These findings 
suggest that artesunate might have a potential antileukemia effect as a treatment 
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for chronic myeloid leukaemia therapy, or as an adjuvant to standard chemo-
therapy regimens. Besides the inhibitory effect of artesunate on VEGF expres-
sion, which might contribute to its antiproliferative effect in K562 cells, several 
studies suggest that DNA damage induced by artesunate contributes to its thera-
peutic effect against cancer cells [69]. This compound also reduces chicken 
chorioallantoic membrane neovascularisation and exhibits antiangiogenic and 
apoptotic activity on human microvascular dermal endothelial cells [70]. These 
results suggest that the antiangiogenic effect induced by artesunate might occur 
by causing cellular apoptosis. These findings, and the known low toxicity, indi-
cated that artesunate might be a promising candidate for angiogenesis inhibi-
tors. Other studies also demonstrated that NO generation and signalling play 
a role in exhibiting cytotoxic activity of artesunate, pointing to a multifactorial 
mode of action of this compound [71].

The activities of artemisinin and derivatives are mediated chemically by 
α,β-unsaturated carbonyl structures, such as an α-methylene-γ-lactone, an α,β-
unsaturated cyclopentenone or a conjugated ester. These structure elements 
react with nucleophiles, especially cysteine sulphydryl groups, by a Michael-
type addition. Therefore, exposed thiol groups, such as cysteine residues in pro-
teins, appear to be the primary targets of sesquiterpene lactones. The differences 
in activity between individual sesquiterpene lactones may be explained by dif-
ferent numbers of alkylating structural elements. However, other factors such 
as lipophilicity, molecular geometry and the chemical environment of the target 
sulphydryl, may also influence the activity of sesquiterpene lactones.

Other anticancer sesquiterpene lactones isolated from the Artemisia genus 
also included arteminolides A–D, Fig. 3, isolated from the aerial parts of 
A. argyi [24]. Arteminolides were reported to have inhibitory activity on farne-
syl-protein transferase (FPTase), with IC50 values of 0.7–1µM. FPTase inhibitors 
have been shown to inhibit the growth of human tumours in mouse xenograft 
models and, more dramatically, in transgenic mouse models. Specific inhibitors 
of FPTase might be interesting chemical leads to develop effective therapeutic 
agents for the treatment of cancer. To prove the antitumour effects of artemino-
lides, potent FPTase inhibitors, investigations have been carried out into tumour 
growth assay against human cancer cells and in human tumour xenograft. It 
is well known that the exomethylene group on the sesquiterpene lactone is an 
essential group for biological activities, including cytotoxicity against tumour 
cells. Chemical studies showed that various cytotoxic sesquiterpene lactones 
react with thiols such as cysteine by rapid Michael-type addition. It is gen-
erally accepted that the mechanism of cytotoxicity is due to the alkylation of 
biological nucleophiles in the α,β-unsaturated carbonyl moiety. Arteminolides 
A–D have very similar antitumour profiles against the tested human tumour cell 
lines, and the only structural differences among them are acyl groups at C-8. 
Therefore, the results suggest that the acyl side chains at C-8 would not signifi-
cantly contribute antitumour effects. To see whether the α-methylene-γ-lactone 
group of arteminolides was involved in the inhibition of tumour cell growth, 
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hydrogenation of arteminolides B and C was performed. The low antiprolifera-
tive activity of hydrogenated arteminolides indicates that the α-methylene-γ-
lactone group of sesquiterpene lactones significantly contributed to the growth 
inhibition of tumour cells. Antitumour activity of arteminolide C in human 
tumour xenografted nude mice studies of arteminolides supports the conclusion 
that these compounds would be good lead molecules for the development of 
antitumour drugs. This species, A. argyi, also yielded the sesquiterpene lactone 
artemisolide, Fig. 2, which exhibited in vitro cytotoxic activity against cancer 
cell lines (SW620 colon, human promyelocytic leukaemia HL-60 and human 
acute lymphoblastic leukaemia Molt-4) [23].

Examples of other antitumour sesquiterpene lactones from the Artemisia 
genus also included dimeric guaianolides from A. anomala [26], and artem-
dubolides A–H, highly oxygenated guaianolides isolated from A. dubia, which 
showed weak cell growth inhibition of the human colon carcinoma Colo205 and 
human melanoma MDA-MB-435 cells [28].
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ABBREVIATIONS

ACTS artemisinin-based combinatory therapies
ROS reactive oxygen species
IC50 inhibitory concentration 50
iNOS inducible nitric oxide synthase
IL interleukins
NO nitric oxide
PGs prostaglandins
COX-2 cyclooxygenase-2
LPS lipopolysaccharide
NF-κB nuclear factor kappa B
IκB inhibitors of NF-κB
IKK IκB kinase
TNF-α tumour necrosis factor-α
CCK cyclin-dependent kinase
VEGF vascular endothelial growth factor
FPTase farnesyl-protein transferase

REFERENCES

 [1]  M. Willcox, J. Alternative Complement. Med. 15 (2009) 101–109.
 [2]  E. Hsu, Br. J. Clin. Pharmacol. 61 (2006) 666–670.
 [3]  S. Krishna, L. Bustamante, R.K. Haynes, H.M. Staines, Trends Pharmacol. Sci. 29 (2008) 

520–527.
 [4]  N.J. White, Science 320 (2008) 330–334.



63Chapter | 2 The Artemisia L. Genus: A Review of Bioactive Sesquiterpene 

 [5]  S. De Ridder, F. Van der Kooy, R. Verpoorte, J. Ethnopharmacol. 120 (2008) 302–314.
 [6]  T. Kuhn, Y. Wang, Prog. Drug Res. 66 (2008) 385–422.
 [7]  T. Baytop, Therapy with Medicinal Plants in Turkey, Istanbul University Press,  

Istanbul, Turkey, 1984.
 [8]  D.L. Klayman, Science 228 (1985) 1049–1055.
 [9]  D. Bramwell, Z.I. Bramwell (Eds.), Flores silvestres de las Islas Canarias, Rueda, Madrid, 

Spain, 1990.
 [10]  K. Otsuka, J. Shoji, M. Takido, S. Cho, A Pictorial Encyclopedia of Chinese Medical Herbs, 

Chnokoron-Sha Inc., Tokyo, Japan, 1992.
 [11]  T.T. Hien, N.J. White, Lancet 341 (1993) 603–608.
 [12]  V. Ligaa, Medicinal Plants of Mongolia Used in Mongolian Traditional Medicine. RSA, Seoul, 

South Korea, 1996.
 [13]  A. Zargari, Iranian Medicinal Plants, Tehran University Publications, Tehran, Iran, 1997.
 [14]  D. Moermann, Native American Ethnobotany, Timber Press Inc., Portland, USA, 1998.
 [15]  P. Perez de Paz, C. Hernández Padrón, In: S.L. Francisco Lemus (Ed.), Plantas medicinales  

o útiles en la Flora Canaria. Aplicaciones populares, La Laguna, Spain, 1999.
 [16]  J. Gruenwald, PDR for Herbal Medicines, Montvale, USA, 2000.
 [17]  P. Baker, The Book of Absinthe: A Cultural History, Grove Press, New York, USA, 2001.
 [18]  M. Ballero, F. Poli, G. Sachetti, M.C. Loi, Fitoterapia 72 (2001) 788–801.
 [19]  M. Tadesse, Flora of Ethiopia and Eritrea, Uppsala University, Addis Abeba, Ethiopia, 2004.
 [20]  A.J. Skyles, B.V. Sweet, Am. J. Health Syst. Pharm. 61 (2004) 239–242.
 [21]  N. Liu, F. Van der Kooy, R. Verpoorte, S. Afr. J. Bot. 75 (2009) 185–195.
 [22]  A. Singh, R. Sarin, Bangladesh J. Pharmacol. 5 (2010) 17–20.
 [23]  J.H. Kim, H.K. Kim, S.B. Jeon, K.H. Son, E.H. Kim, S.K. Kang, N.D. Sung, B.M. Kwon  

Tetrahedron Lett. 43 (2002) 6205–6208.
 [24]  S.H. Lee, M.Y. Lee, H.M. Kang, D.C. Hun, K.H. Son, D.C. Yong, N.D. Sung, C.W. Lee,  

H.M. Kim, B.M. Kwon, Bioorg. Med. Chem. 11 (2003) 4545–4549.
 [25]  H.Z. Jin, J.H. Lee,., D. Lee, Y.S. Hong, Y.H. Kim, J.J. Lee, Phytochemistry 65 (2004)  

2247–2253.
 [26]  J. Wen, H. Shi, Z. Xu, H. Chang, C. Jia, K. Zan, Y. Jiang, P. Tu, J. Nat. Prod. 73 (2010) 67–70.
 [27]  K. Zan, X.Q. Chen, Q. Fu, S.P. Shi, S.X. Zhou, M.T. Xiao, P.F. Tu, Biochem. Syst. Ecol. 38 

(2010) 431–434.
 [28]  Z.S. Huang, Y.H. Pei, C.M. Liu, S. Lin, J. Tang, D.S. Huang, T.F. Song, L.H. Lu, Y.P. Gao,  

W.D. Zhang, Nat. Prod. Chem. 76 (2010) 1710–1716.
 [29]  A.A. Ahmed, S.A. El Moghazy, M.A. El Shanawany, H.F. Abdel-Ghani, J. Karchesy, G. Sturtz, 

K. Dally, P.W. Pare, J. Nat. Prod. 67 (2004) 1705–1710.
 [30]  K.H. Lee, Y.D. Min, S.Z. Choi, H.C. Kwon, O.R. Cho, K.C. Lee, R.R. Lee, Arch. Pharm. Res. 

27 (2004) 1016–1019.
 [31]  E.Y. Chung, Y.H. Byun, E.J. Shin, H.S. Chung, Y.H. Lee, S. Shin, Arch. Pharm. Res. 32 (2009) 

1711–1719.
 [32]  K.M. Meepagala, J.M. Kuhajek, G.D. Sturtz, D.E. Wedge, J. Chem. Ecol. 29 (2003)  

1771–1780.
 [33]  A.E. Vega, G.H. Wendel, A.O.M. Maria, L. Pelzer, J. Ethnopharmacol. 124 (2009) 653–655.
 [34]  R. Ortet, S. Prado, E. Mouray, O.P. Thomas, Phytochemistry 69 (2008) 2961–2965.
 [35]  S. Kebede, S. Duales, A. Yokovide, W. Aleman, East Afr. J. Public Health 7 (2010) 20–29.
 [36]  T. Bousema, C. Drakeley, Clin. Microbiol. Rev. 24 (2011) 377–410.
 [37]  C. McNamara, E.A. Winzeler, Future Microbiol. 6 (2011) 693–704.
 [38]  G.D. Brown, Molecules 15 (2010) 7603–7698.



64 Studies in Natural Products Chemistry

 [39]  L. Cui, X.Z. Su, Expert. Rev. Anti-Infect. Ther. 7 (2009) 999–1013.
 [40]  R.K. Haynes, W.C. Chan, C.M. Lung, A.C. Uhleman, V. Eckstein, D. Taramelli, S. Parapini,  

D. Monti, S. Krishna, Chem. Med. Chem. 2 (2007) 1480–1497.
 [41]  R. Sen, S. Ganguly, P. Saha, M. Chatterjee, Int. J. Antimicrob. Agents 36 (2010) 43–49.
 [42]  M.R. Romero, T. Efferth, M.A. Serrano, B. Castano, R.I. Macias, O. Briz, J.A. Marin, Antiviral 

Res. 68 (2005) 75–83.
 [43]  M.R. Romero, M.A. Serrano, M. Vallejo, T. Efferth, M. Alvarez, J.J. Marín, Planta Med. 72 

(2006) 1169–1174.
 [44]  T. Efferth, M.R. Romero, D.G. Wolf, T. Stamminger, J.J. Marin, M. Marschall, Clin. Infect. 

Dis. 47 (2008) 804–811.
 [45]  M.E. Maggi, A. Mangeaud, M.C. Carpinella, C.G. Ferrayoli, G.R. Valladares, S.M. Palacios,  

J. Chem. Ecol. 31 (2005) 1527–1536.
 [46]  E. Del Cacho, M. Gallego, M. Francesh, J. Quilez, C. Sánchez-Acedo, Parasitol. Int. 59 (2010) 

506–511.
 [47]  J.M. Squires, J.F. Ferreira, D.S. Lindsay, A.M. Zajac, Vet. Parasitol. 175 (2011) 103–108.
 [48]  J. Zinczuk, E.A. Ruveda, H.W. Thompson, R.A. Lalancette, Acta Crystallogr. 63 (2007)  

1490–1491.
 [49]  S.H. Cho, Y.E. Na, Y.J. Ahn, J. Appl. Microbiol. 95 (2003) 7–12.
 [50]  S. Ghosh, M.S. Hayden, Nat. Rev. Immunol. 8 (2008) 837–848.
 [51]  S. Noori, G.A. Naderi, Z.M. Hassan, Z. Habibi, S.Z. Bathaic, S.M. Hashemi, Int. Immunophar-

macol. 4 (2004) 1301–1306.
 [52]  E. Aldieri, D. Atragene, L. Bergandi, C. Riganti, C. Costamagno, A. Bosia, D. Ghigo, FEBS 

Lett. 552 (2003) 141–144.
 [53]  T. Guardia, A.O. Juarez, E. Guerreiro, J.A. Guzmán, L. Pelzer, J. Ethnopharmacol. 88 (2003) 

195–198.
 [54]  A.M. Reddy, J.Y. Lee, J.H. Seo, B.H. Kim, E.Y. Chung, S.Y. Ryu, Y.S Kim, C.K. Lee,  

K.R. Min, Y. Kim, Arch. Pharm. Res. 29 (2006) 591–597.
 [55]  B.H. Kim, J.Y. Lee, J.H. Seo, H.Y. Lee, S.Y. Ryu, B.W. Ahn, C.K. Lee, B.Y. Hwuang,  

S.B. Han, Y. Kim, Biochem. Biophys. Res. Commun. 361 (2007) 593–598.
 [56]  P. Rungeler, V. Castro, G. Mora, N. Goren, W. Vichnewski, H.L. Pahl, I. Merfort, T.J. Schmidt, 

Bioorg. Med. Chem. 7 (1999) 2343–2352.
 [57]  S.A. Emami, S.Z. Taghizadeh Rabe, M. Iranshashi, A. Ahí, M. Mohmoudi, Immunopharmacol. 

Immunotoxicol. 32 (2010) 688–695.
 [58]  T. Efferth, Planta Med. 73 (2007) 299–309.
 [59]  G.L. Firestone, S.N. Sundar, Expert. Rev. Mol. Med. 11 (2009) 32.
 [60]  S. Noori, Z.M. Hassan, B. Rezai, A. Rustaiyan, Z. Habibi, F. Fallahian, Int. Immunopharmacol. 

8 (2006) 1744–1747.
 [61]  E. Buommino, A. Baroni, N. Canozo, M. Petrazzuolo, R. Nicoletti, A. Vozza, M.A. Tufano, 

Invest. New Drugs 27 (2009) 412–418.
 [62]  J.A. Willoughby Sr., S.N. Sundar, M. Cheung, A.S. Tin, J. Modiano, G.L. Firestone, J. Biol. 

Chem. 284 (2009) 2203–2213.
 [63]  W. Nam, J. Tak, J.R. Ryu, M. Jung, J.I. Yook, H.J. Kim, I.H. Cha, Head Neck 29 (2007)  

335–340.
 [64]  L.H. Stockwin, B. Han, S.X. Yu, M.G. Hollingshead, M.A. Elsohly, W. Gul, et al., Int. J. Cancer 

125 (2009) 1266–1275.
 [65]  D. Mu, W. Chen, B. Yu, C. Zhang, Y. Zhang, H. Qi, Meth. Find. Exp. Clin. Pharmacol. 29 

(2007) 33–38.
 [66]  Y.Y. Lu, T.S. Chen, J.L. Qu, W.L. Pan, L. Sun, X.B. Wei, J. Biomed. Sci. 2 (2009) 16.



65Chapter | 2 The Artemisia L. Genus: A Review of Bioactive Sesquiterpene 

 [67]  Y.Y. Lu, T.S. Chen, X.P. Wang, L. Li, J. Biomed. Opt. 15 (2010) 1–16.
 [68]  H.J. Zhou, W.Q. Swang, G.D. Wu, J. Lee, A. Li, Vascul. Pharmacol. 47 (2007) 131–138.
 [69]  P.C. Li, E. Lam, W.P. Roos, M.Z. Zdzienicka, B. Kaina, Cancer Res. 68 (2008) 4347–4351.
 [70]  H.L. Huan, L.Y. Li, B.L. Shang, Cancer Lett. 211 (2004) 163–173.
 [71]  V.B. Konkimalla, M. Blunder, B. Korn, S.A. Soomro, H. Jansen, W. Chang, G.H. Posner,  

R. Bauer, T. Efferth, Nitric Oxide 19 (2008) 184–191.



67
Bioactive Natural Products (Part Q), Vol. 37. http://dx.doi.org/10.1016/B978-0-444-59514-0.00003-1
Copyright © 2012 Elsevier B.V. All rights reserved.

Chapter 3

Secondary Metabolites with 
Antinematodal Activity from 
Higher Plants

INTRODUCTION

Plant-parasitic nematodes cause significant economic losses in a wide variety 
of crops [1]. They may reduce crop yield through direct cell destruction, vector-
ing viruses, or indirectly by facilitating invasion of fungi and bacteria through 
feeding and movement across the roots. Moreover, crop losses could be more 
extensive if disease complexes are exacerbated by nematodes and other soil-
borne pathogens. Crop losses may also be more severe in tropical and subtropi-
cal regions where nematode reproduction rates are generally much higher than 
in temperate zones [2].

Plant-parasitic nematodes may be controlled by fumigants and other chemi-
cal nematicides, rotating with non-host crops, and the use of resistant cultivars. 
However, nematicides cannot provide long-term suppression of nematodes, 
and the growing concerns over environment and human health are resulting 
in increased restrictions on their use [3]. Furthermore, the wide host range of 
some nematode species and the unavailability of resistant varieties limit the 
use of crop rotation in several production systems [4]. Some safe strategies 
for nematode control have been developed based on biological control agents 
and organic amendments. One such alternative is to explore naturally occur-
ring compounds in plants, which are known as plant secondary metabolites. 
Other alternatives include antinematodal agents from microorganisms and 
 animals [5,6].
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The ability of some plants to exert antinematodal (or nematocidal, or nema-
tostatic) activity has been known for a long time. Excellent general reviews on 
cultivation tactics for nematode control [4,7–9], plant extracts [10–12] includ-
ing essential oils [13–20] on their antinematodal activity have been published. 
Although experiments with crude preparations are valuable for development of 
biologically based control strategies, these experiments are usually difficult to 
interpret biologically or biochemically. For example, toxicants, nutrients and 
phytohormones in such extracts may act directly upon plant hosts. Specific 
compounds within such extracts may act synergistically or antagonistically [22].

There were no detailed reports to concentrate on the antinematodal metabo-
lites from higher plants though a few related reviews have been published in the 
past 20 years [10,11,21–23]. In this article, we review the information available 
on antinematodal secondary metabolites from higher plants. These antinemato-
dal metabolites from plants were grouped according to their biosynthetic origin, 
often presumed, to facilitate the comparison between structure and activity. This 
article does not concentrate on the studies in which plants or plant crude extracts 
including essential oils were examined for nematode-antagonistic activity, 
unless the active compound was identified.

ALIPHATICS

Aliphatics (or called aliphatic compounds) are the common constituents from 
plants and animals, and usually exist in vivo as esters. Extracts from the roots 
of Iris japonica (Iridaceae) showed their antinematodal activity towards the 
rice white-tip nematode (Aphelenchoides besseyi). The main active metabolites 
were found to reside in the acidic portion of the extract, and were further identi-
fied as palmitic acid (1), oleic acid (2), linoleic acid (3), 2-undecylenic acid (4), 
and myristic acid (5) [24]. Butyric acid (6) found in decomposed rye (Secale 
cereale, Graminae) and timothy (Phleum pretense, Graminae) was screened 
to exhibit antinematodal activity on Meloidogyne incognita and Pratylenchus 
 penetrans at 880µg/ml [25].

The methanol extract of Melia azedarach (Meliaceae) showed its nemati-
cidal activity against M. incognita. The main active constituents were butyric 
acid (6), acetic acid (7), and hexanoic acid (8), which were tested individually 
for nematicidal activity against the second-stage juveniles [26].

1-Octanol (9), an aliphatic alcohol, was successfully isolated from the 
methanol extract of the whole plant of Allium grayi (Liliaceae) via the bioassay 
against M. incognita [27].

Di-n-butyl succinate (10), which was an artefact probably, obtained from 
peanut (Arachis hypogaea, Leguminosae) was found to be active against 
 Pratylenchus coffeae at 100µg/ml. Eleven other nematicidal dialkyl succinates 
were also obtained from this plant [28].

A nematicidal triglyceride namely sn-glycerol-1-eicosa-9,12-dienoate-
2-palmitoleate-3-linoleate (11) was isolated from the seeds of Argemone 
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mexicana (Papaveraceae). Its median lethal concentration (LC50) against 
M. incognita juveniles in vivo was 90µg/ml. When triglyceride (11) was treated 
at 100µg/ml, it prevented subsequent infection of M. incognita juveniles to 
tomato plants [29].

Two aliphatic acid esters namely methyl pelargonate (12) and ethylene gly-
col pelargonate (13) reduced galling of tomato roots infected with Meloidogyne 
javanica. In greenhouse tests, methyl pelargonate (12) at 1.6mg/l was effective 
against Heterodera glycines and M. incognita on soybean [30].

Aliphatic alchols may also be involved in the nematode suppression of vel-
vet bean (Mucuna aterrima, Leguminosae). Fractionation from the velvet bean 
extract yielded 1-triacontanol (14) and triacontanyl tetracosanoate (15) as two 
main compounds to inhibit hatching of M. incognita at 1.0% [31,32].

Plant-derived aliphatics could be easily synthesized. Some synthesized ali-
phatics for their nematicidal activity have also been investigated [33]. Struc-
ture–activity relationship showed that aliphatic alcohols, aldehydes and acids 
were more effective than hydrocarbons and acetates [33].
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POLYACETYLENES

A broad spectrum of polyacetylenes with a variety of biological activities occur 
in the family Compositae, and many of them are nematicidal [21]. The first 
polyacetylene was identified from Helenium sp. (Compositae) as tridec-1-ene-
3,5,7,9,11-pentayne (16), with nematicidal activity against P. penetrans and 
other nematodes [34].

Two nematicidal polyacetylenes against Bursaphelenchus lignicolus were 
isolated from the roots of Cirsium japonicum (Compositae) and identified as tri-
dec-1-ene-3,5,7,9,11-pentayne (16), and 9,10-epoxyheptadec-16-ene-4,6-diyn-
8-ol (17) [35]. Other nematicidal polyacetylenes against B. lignicolus included 
1-phenylhepta-1,3,5-triyne (18) and 2-phenyl-5-(1’-propynyl)thiophene (19) 
from Coreopsis lanceolata (Compositae), and cis-dehydromatricaria ester (20) 
from Solidago altissima (Compositae) [35].

Two nematicial polyacetylenes namely 2-trans-8-cis-matricaria ester (21) 
and 2-cis-8-cis-matricaria ester (22) against Pratylenchus coffease were iso-
lated from the fresh roots of Erigeron philadelphicus (Compositae) [36].

3-cis-11-trans-Trideca-1,3,11-triene-5,7,9-triyne (23) and its 3-trans isomer 
(24), obtained from the flowers of safflower (Carthamus tinctorius, Composi-
tae) showed 30% mortality at 10µg/ml for compound 23, and 85% mortality 
at 2µg/ml for compound 24 against the nematode A. besseyi after 24h [37,38].

Heptadeca-1,9-diene-4,6-diyne-3,8-diol (or named falcarindiol, 25), from the 
fresh roots of Angelica pubescens (Umbelliferae), was nematicidal to A. besseyi [24].

Some thiarubrines from compositous plants have a general toxicity and often 
require light for their maximum activity, similar to polythiophenes. One such 
compound, thiarubrine C (26), was isolated from the roots of the black-eyed 
Susan (Rudbeckia hirta, Compositae). This compound exhibited the LC50 val-
ues as 12.4µg/ml for M. incognita, and 23.5µg/ml for P. penetrans, in a motility 
and viability bioassay. It was found that the nematicidal activity of thiarubrine C 
(26) could be enhanced by light. Treatment of soil with 50µg/ml of thiarubrine C 
(26) decreased M. incognita infection of tomato seedlings by nearly 95% [39].
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POLYTHIOPHENES

The best study case of a nematicidal principle from higher plants is probably that 
of polythiophenes (or called polythienyls) from marigolds (Tagetes spp., Compos-
itae). Perhaps the resistance of marigolds to nematodes was first reported by Golf, 
who noted that French marigold (Tagetes patula) and African marigold (Tagetes 
erecta) were two of seven species devoid of root-knot nematodes (Meloidogyne 
spp.) infection during trials of 80 different ornamental annuals [4,22]. The grow-
ing plants, incorporated residues and root extracts of the Tagetes genus are gener-
ally effective at controlling a variety of nematodes in soil [40–42]. It has been well 
known that few of nematodes penetrating marigold roots reach maturity. Hun-
dreds of reports have been appeared in the scientific literature of the frequently 
suppressive effects on nematode populations of marigolds, whether utilized as 
a cover crop, rotation crop, green manure, or source of nematode-antagonistic 
extracts. Marigolds showed multiple mechanisms of action against plant-parasitic 
nematodes including non-host or poor host effects, trap crop effect, production 
of antinematodal compounds, and stimulation of nematode natural enemies [4].
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Uhlenbroek and Bijloo first clarified a thiophene compound as α-terthiophene 
(27) in T. erecta f.sp. plena [43]. α-Terthiophene (27) was nematicidal in vitro 
against potato cyst nematode Globodera rostochiensis at 0.1–0.2µg/ml, the wheat 
seed gall nematode (Anguina tritici) at 0.5µg/ml, and the stem and bulb nema-
tode (Ditylenchus dipsaci) at 5µg/ml, respectively [43]. Subsequent works led to 
the identification of another polythiophene, 5-(1-buten-1-ynyl)-2,2’-bithiophene 
(28), which was active towards Panagrellus redivirus at 3.13µg/ml [44].

Of 175 tested compositous species, nearly 70 species effectively suppressed 
populations of the nematode P. penetrans. α-Terthiophene (27) was detected in 
Eclipta prostrata, Flaveria repanda, Gaillardia pulchella, T. erecta, Tagetes petula, 
Tagetes tenuifolia, Berkheya adlamii, Berkheya macrocephala, Didelta carnosa, 
and six Echinops species. Another nematocide, 5-(3-buten-1-ynyl)-2,2’-bithiophene 
(29), was detected in Arnica sachalinensis, D. carnosa, E. prostrata, F. repanda, 
three Tagetes species, two Berkheya species, and six Echinops species [45].

Three nematicidal thiophenes were isolated from Tagetes roots, and were 
identified as 5-(1-buten-1-ynyl)-2,2’-bithiophene (28), 5-(3-buten-1-ynyl)-2,2’-
bithiophene (29), and 5-(4-acetoxy-1-butynyl)-2,2’-bithiophene (30) [46].

The roots of Tagetes species had the highest diversity and contents of thio-
phenes with 5-(3-buten-1-ynyl)-2,2’-bithiophene (abbreviated as BBT, 29) 
as the main component followed by α-terthiophene (abbreviated as α-T, 27) 
and 5-(4-hydroxybut-1-ynyl)-2,2’-bithiophene (abbreviated as BBTOH, 31). 
By considering both concentrations and biomass yields of thiophene, Tagetes 
minuta and Tagetes lucida appeared to be the most promising Tagetes species, 
with high potential for use as biocidal crops [47].
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FURANS AND TETRAHYDROFURANS

The methanol extract of M. azedarach (Meliaceae) showed its nematicidal 
activity against M. incognita. Two isolated furans namely furfural (32) and 
5-hydroxymethylfurfural (33) exhibited their nematicidal activities against the 
second-stage juveniles of the nematode M. incognita, and the nematical activity 
(LC50, 8.5µg/ml) of furfural (32) was stronger than that (LC50, 45.7µg/ml) of 
5-hydroxymethylfurfural (33) [26]. Furfural (32) was also isolated from the sap 
of Knema hookeriana (Myristicaceae) and was active against Bursaphelenchus 
xylophilus in a cotton ball bioassay [48].

The annonaceous acetogenins have attracted considerable attention because 
of their antitumour and pesticidal activities [49,50]. These compounds were 
found only in the plant species of family Annonaceae, and were essentially 
derivatives of fatty acids. More than 350 acetogenins have been identified, and 
they contained either C-32 or C-34 chains. Some of them have been described as 
toxic to mosquito larvae, corn borers, aphids, beetles and free-living nematodes. 
A number of acetogenins have been tested for their antinematodal activities. 
Asimicin (34) was remarkably active (LC100, 0.1µg/ml) towards Caenorhabditis 
elegans. Other acetogenins including annonacin (35), corossolin (36), murisolin 
(37), cherimolin (38), and otivarin (39) also exhibited inhibitory activity against 
Molinema dessetae. Antinematodal activity of these compounds was equivalent 
to that of ivermectin [49,50].
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TERPENOIDS

Monoterpenoids

A large number of phytochemicals called isoprenoids are formed by the conden-
sation of five-carbon isoprene units. Among them, the simplest are 10- carbon 
compounds called mototerpenoids, which often are the major components of 
plant fragrants or essential oils. Monoterpenoids frequently possess activity 
against predators and pathogens.

The first monoterpene found to have anthelmintic activity was ascaridole 
(40), which was alone or as a component of plant extracts, has been used in the 
treatment of hookworm infection. This monoterpene was also a potent in vitro 
inhibitor of the development of the malarial parasite Plasmodium falciparum 
[21]. Twenty monoterpenoids were identified by GC–MS in the leaf essential 
oil of Croton regelianus (Euphorbiaceae). Ascaridole (40) accounted for 33.9% 
and was fractionated from the oil. The bioassay results showed that the essential 
oil of C. regelianus and ascaridole (40) were moderately active against the root-
knot nematode M. incognita with LC50 values as 201.83µg/ml for the oil and 
87.36µg/ml for ascaridole, but strongly effective with LC50 values as 24.22µg/ml 
(for the oil) and 9.60µg/ml (for ascaridole) against the larvae of Aedes aegypti, 
and 24.47µg/ml (for the oil) and 9.46µg/ml (for ascaridole) against the larvae of 
Artemia sp., respectively [51].

Thymol (41), a phenolic monoterpene existing in the essential oils of several 
plant families, exhibited strong antinematodal activity against plant-parasitic 
nematodes Meloidogyne arenaria, H. glycines, Paratrichodorus minor and 
free-living Dorylaimid nematodes. When it was added to soil at a concentra-
tion range of 25–250µg/g, population densities of the nematodes and disease 
incidence declined [52].
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Other simple monoterpenes have been implicated as antinematodal agents, 
particularly when used as soil amendments: citronellal (42) [53]; citral (43), men-
thol (44), and α-terpineol (45) [48]; geraniol (46) [54]; and limonene (47) [55].

Menthol (44), geraniol (46), eugenol (49), linalool (50) and cineole (51), and 
a number of esters of menthol and geraniol, were toxic to the J2 stage plant-par-
asitic nematodes A. tritici, M. javanica and Tylenchulus semipenetrans [56,57].

Four monoterpenoids, thymol (41) and carvacrol (52) from oregano (Orig-
anum sp., Lamiaceae), trans-anethole (53) from fennel (Foeniculum vulgare, 
Umbelliferae), and l-carvone (54) from caraway (Carum carvi, Umbellifeae) 
were found to inhibit hatching of M. javanica at 125µg/l. When the compounds 
were incorporated into soil at 160mg/kg, all but thymol (41) completely inhib-
ited root gall formation [58].

Geraniol (46), citronellol (48), and linalool (50) were obtained from the 
essential oil of Pelargonium graveolens (Geraniaceae) and induced mortality 
of M. incognita juveniles [59]. Seed treatment with citronellol (48) reduced 
M. incognita infection to tomato seedlings [60].

A synergistically acting combination of linalool (50) and methyl chavicol 
(or named as estragole, 55) inhibited the motility of Heterodera cajani and 
M. incognita, whereas individual compounds were noneffective [61].

Palasonin (56), an antinematodal monoterpenoid derivative, was isolated 
from the seeds of Butea frondosa (Leguminosae). The anthelmintic action of 
this compound on Ascaridia galii possibly involved inhibition of glucose uptake 
and/or of the motor activity of the parasite [62].

Nematicidal activities of 22 monoterpenoids were evaluated both in vitro 
and in pot experiments. Twenty of them significantly inhibited hatching, and 
11 inhibited J2 mobility of the root-knot nematode (M. incognita) at 250mg/l. 
Structure–activity relationships revealed that the compounds with hydroxyl 
and carbonyl groups exhibited higher nematicidal activity than other terpe-
noids. Citral (43), α-terpineol (45), geraniol (46), l-borneol (57), and carveol 
(58) showed the highest nematicidal activity among the monoterpenoids tested 
in vitro. These compounds drastically reduced eggs hatching and J2 viability, 
and diminished root gall formation of tomato plants in pot experiments [63].

Eight monoterpenoids, estragole (55), l-borneol (57), α-pinene (59), 
β-pinene (60), δ-3-carene (61), l-camphor (62), α-terpinolene (63), and benz-
aldehyde (64) along with two sesquiterpenoids namely caryophyllene oxide 
(65) and γ-eudesmol (66) were isolated from seven plant species Eucalyptus 
 meliodora (Myrtaceae), Juglans regia (Juglandaceae), Laurus nobilis (Lau-
raceae),  Pistacia terebinthus (Anacardiaceae), F. vulgare (Umbelliferae), 
 Pimpinella anisum (Umbelliferae) and Achillea millefolium (Compositae) 
indigenous to Greece. They were screened for their antinematodal activity on 
M. incognita [64]. Of these compounds, benzaldehyde (64) (LC50, 9µg/ml) was 
the most toxic, followed by γ-eudesmol (66) (LC50, 50µg/ml) and estragole (55) 
(LC50, 180µg/ml). The synergistic, additive and antagonistic effects of each two 
terpenes selected from the following nine compounds, thymol (41), geraniol (46), 
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eugenol (49), carvacrol (52), trans-anethole (53), l-carvone (54), estragole (55), 
γ-eudesmol (66), and pulegone (67) were also investigated. The most potent ter-
pene pairs which existed synergistic effects were geraniol (46)/trans-anethole 
(53), eugenol (49)/trans-anethole (53), eugenol (49)/carvacrol (52), and gera-
niol (46)/carvacrol (52), in their decreasing order [64].

The nematicidal activity of thymol (41) and carvacrol (52) on C. elegans 
might be mediated through TyrR as the two compounds could trigger the sig-
nalling cascade downstream from the receptor in cells expressing wild-type but 
not a mutant SER-2. The TyrR-expressing cell system may prove to be a good 
screening platform for developing new nematicidal compounds [65].
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Sesquiterpenoids

Sesquiterpenoids are C15 compounds formed by the condensation of three 
isoprene units. The first sesquiterpenoids discovered to be nematotoxic 
were the terpenoid aldehydes hemigossypol (68), 6-methoxyhemigossypol 
(69) and the C30 dimers gossypol (70) and 6-methoxygossypol (71) from cot-
ton (Gossypium hirsutum, Malvaceae). Postinfection production of these com-
pounds in a resistant cotton variety was associated with resistance to M. incognita 
[66]. A crude terpenoid aldehyde extract from cotton inhibited movement of 
M. incognita juveniles at 50µg/ml, and gossypol (70) showed the equivalent 
effect at 125µg/ml [67]. In contrast, a more comprehensive analysis of the roots 
of six cotton cultivars failed to reveal the correlation between nematode resis-
tance and root (or leaf) terpenoid aldehyde content or composition [68].

8α-Hydroxyelemol (72) from the berries of Juniperus sp. (Cupressaceae) 
showed moderate nematicidal activity at 80µg/ml against C. elegans [69].

Alantolactone (73) from Inula helenium (Compositae) with a mammalian 
anthelmintic activity showed nematicidal activity at 1100µg/ml in vitro against 
M. incognita. Maximum toxicity was associated with an α-methylene-γ-lactone 
moiety; modification of this group reduced activity [70].

Genetic analysis indicated that the production of the sesquiterpenoid phyto-
alexin solavetivone (74) was genetically linked to resistance of potato (Solanum 
tuberosum, Solanaceae) against G. rostochiensis [71].

Another sesquiterpenoid phytoalexin namely rishitin (75) was identified in 
potato tuber discs infected with the potato rot nematode Ditylenchus destructor 
and D. dipsaci. The LC50 of rishitin (75) in a motility assay against D. dipsaci 
was 100µg/ml [72]. A number of in vitro and small-pot studies also demon-
strated antinematodal effect of rishitin (75) on Xiphinema diversicaudatum [73].
α-Humulene (76), which repelled B. xylophilus and occurred in a heartwood 

extract of Pinus massoniana (Pinaceae), was one of the rare sesquiterpenes 
repelling plant-parasitic nematodes [74].

Santonin (77), a potent anthelmintic from compositous plants, has been used 
to treat ascaridiasis and oxyuriasis, but several cases of fatal poisoning by santo-
nin (77) have been reported. Small doses may have effects on vision, and cause 
headache, nausea and vomiting. Higher doses may cause epileptiform convul-
sions. Santonin (77) acted on the ganglion cells of the worm to induce paralysis 
so that the parasite could be eliminated via the feces [75].
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Artemisin (78) from Artemisia annua (Compositae) is another sesquiterpene 
lactone reported to have anthelmintic properties [76].

The leaf ethanol extract of Magnolia grandiflora (Magnoliaceae) exhibited 
strong nematicidal activity against B. xylophilus and Panagrellus redivivus, 
causing 73% and 100% mortality respectively within 48h at 5mg/ml. A nema-
ticidal sesquiterpene namely 4,5-epoxy-1(10)E,11(13)-germacradien-12,6-
olide (79) was obtained, and its median lethal concentrations (LC50) against 
B. xylophilus and P. redivivus were 71µg/ml and 46µg/ml, respectively, at 48h [77].
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Diterpenoids

Some diterpenoids from plants were reported to have their antinematodal activ-
ity. Two diterpenoids, odoracin (80) and odoratrin (81) were isolated from 
the nematocidal extract of Daphne odora (Thymelaeaceae) roots. Odoracin 
(80) was nematotoxic to A. besseyi at 5.0µg/ml and consisted of a diterpenoid 
skeleton esterified benzoic acid as well as a fatty acid. Odoratrin (81) possessed 
an obvious antinematodal activity at 5.0µg/ml [24,78].

Totarol (or named 14-isopropyl podocarpa-8,11,13-trien-13-ol, 82) and 
ferruginol (or named 13-isopropyl podocarpa-8,11,13-trien-12-ol, 83) were 
isolated from the berries of three cupressaceous plants Juniperus procera, 
J. excelsa, and J. phoenicea. Totarol (82) showed strong nematicidal activ-
ity at 80µg/ml against C. elegans, and ferruginol (83) exhibited moderate 
nematicidal activity at 80µg/ml [69]. Three diterpenoids: 20-O-acetyl-[3-O-
(2’E,4’Z)-decadienoyl]-ingenol (84), 20-O-acetyl-[5-O-(2’E,4’Z)-decadienoyl]-
ingenol (85) and 3-O-(2’E,4’Z)-decadienoylingenol (86), were isolated from 
the roots of Euphorbia kansui (Euphorbiaceae) under the bioassay-guided 
method. They showed the similar antinematodal activity against B. xylophi-
lus, at a minimum lethal dose (MLD) as 5g/cotton ball [79]. In addition, 
some diterpenoids in plant essential oils may contribute to the antinematodal  
activity [18].
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Triterpenoids

Triterpenoids are the compounds containing six isoprene units. Their glycosides 
are called triterpenoid saponins. Three triterpenoids: azadirachtins A (87), B 
(88) and H (89) isolated from Azadirachta indica (Meliaceae) showed LC50 
values of 460.7µg/ml, 125.8µg/ml and 229.4µg/ml, respectively, against the 
second-stage juveniles of root-knot nematode, Meloidgyne incognita [80], and 
LC50 values of 119.1µg/ml, 96.6µg/ml and 141.2µg/ml, respectively, against 
Rotylenchulus reniformis. At 200µg/ml, all the three azadirachtins caused 50–
65% mortality of C. elegans [81].

The triterpenoid camarinic acid (90) from Lantana camara (Verbenaceae) 
killed M. incognita juveniles at 1.0% [82]. Twelve triterpenoids were further 
isolated from the aerial parts of L. camara (Verbenaceae). Of these compounds, 
pomolic acid (91), lantanolic acid (92), and lantoic acid (93) showed 100% mor-
tality on root-knot nematode M. incognita at 1mg/ml after 24h, while camarin 
(94), lantacin (95), camarinin (96), and ursolic acid (97) exhibited 100% mortal-
ity at 1mg/ml after 48h. The positive control furandan showed 100% mortality 
on the nematode at 1mg/ml after 24h [83].

In addition, lantanilic acid (98), oleanolic acid (99) and camaric acid (100) 
with nematicidal activity were isolated through bioassay-guided fractionation 
from the methanolic extract of the aerial parts of L. camara. They exhibited 98%, 
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95% and 70% mortality, respectively, against root-knot nematode M. incognita 
at 0.5% [84].

Bioactivity-guided fractionation from the leaves of Ocimum gratissimum 
(Lamiaceae), a plant used as an anthelimintic in Nigeria, led to the isolation of 
oleanolic acid (99) which killed C. elegans at 1.0µg/ml [85].

The pure saponin mixtures and eight sapogenins namely oleanolic acid (99), 
2β-hydroxy oleanolic acid (101), bayogenin (102), hederagenin (103), 2β,3β-
dihydroxy-23-oxo-olean-12-en-28-oic acid (104), medicagenic acid (105), zanhic 
acid (106), and soyasapogenol B (107) from three Medicago species (M. arborea, 
M. arabica, and M. sativa) in Leguminosae family were investigated for their 
activity against the plant-parasitic nematode Xiphinema index. Among the sapo-
genins, hederagenin (103) with 57% mortality at 15.6µg/ml after 24h of treatment 
was found to be the most active compound. Medicagenic acid (105) with 52% 
mortality at 62.5µg/ml after 48h of treatment appeared to be slightly more active 
than bayogenin (102) [86]. Both saponins and sapogenins from Medicago spp. 
might be good candidates for natural nematicide formulations, especially against 
the virus-vector nematode X. index, the root-knot nematode M. incognita and the 
potato cyst parasite G. rostochiensis [87]. Large biomass produced by Medicago 
species could make the industrial extraction of saponins economically viable. Soil 
amendments with M. sativa pelleted meal has been demonstrated to be strongly 
suppressive on root-knot and cyst nematode species even though in the presence 
of heavy infestation conditions and, therefore, could be hypothesized as a valu-
able option for an environmental safe nematode management [87,88].
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QUASSINOIDS

Quassinoids are all-chair cyclic and highly oxygenated products of squalene. 
They biogenetically can be regarded as the degraded triterpenoids, which were 
isolated exclusively as bitter principles from the plants of Simaroubaceae family 
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[89–91]. The quassinoids have a variety of biological activities including anti-
feedant, inseticidal, herbicidal, antiparasitic, antimalarial, and anticancer prop-
erties, and can be divided into distinct groups according to their basic skeletons 
C18, C19, C20, C22 and C25 [89–91].

Three quassinoids namely chaparrinone (108), glaucarubolone (109), and 
klaineanone (110) were isolated from the seeds of Hannoa undulata (Simaru-
baceae). They inhibited penetration of tomato roots by M. javanica juveniles at 
1–5µg/ml [92,93].

Watanabe et al. selected 38 quassinoids isolated from simaroubaceous spe-
cies to evaluate their nematocidal activity by using a free-living nematode of 
the Diplogastridae family to develop the lead parasiticides samaderines B (111) 
and E (112) from the stem bark of Quassia indica (Simaroubaceae). Both the 
compounds (111 and 112) displayed the most potent nematocidal activity with 
a minimum lethal concentration (MLC) of 2.0 × 10−5mol/l. The nematocidal 
activities of samaderines B and E were 15-fold greater than that of albendazole 
(3.0 × 10−4mol/l), 10-fold greater than that of thiabendazole (2.0 × 10−4mol/l) and 
7.5-fold greater than that of avermectin (1.5 × 10−4mol/l) [94]. Other nematocidal 
quassinoids with strong activity included cedronin (113), brucein B (114), bru-
cein D (115), and brusatol (116). In addition, the cytotoxicity of brucein D (115) 
from Brucea mollis var. tonkinensis was comparatively low though its antinema-
todal activity was not very strong [94]. Kuriyama et al. suggested that samader-
ine B (111) shared a common binding site with the γ-aminobutyric acid receptor 
(GABAR) antagonist 4-cyclohexyl-3-isopropyl-BPT in Diplogastridae [95].
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STEROIDS

Plant steroids arise through the intermediacy of cycloartenol and 2,3-oxidosqualene: 
cycloartenol cyclase (EC 5.4.99.8). They have been reported to possess multi-
biological activities such as growth-regulating activity and developmental 
modification properties in plants. Two solanaceous steroidal glycoalkaloids, 
α-chaconine (117) and α-tomatine (118), were toxic to P. redivivus [96,97]. 
A mixture of two glycosides, protodioscin (119) and deltoside (120) from 
Dioscorea deltoidea (Dioscoreaceae) inhibited M. incognita motility at 5mg/ml 
but decreased nematode infection of tomato roots at a very low concentration 
via a host-mediated effect [98].

Three nematicidal cardenolides: 3β-O-(β-d-diginosyl)-14,15α-dihydroxy-
5α-card-20(22)-enolide (121), uzarigenin (122) and cardenolide N-1 (123) were 
obtained from the ethyl acetate extract of Nerium indicum (Apocynaceae) by 
bioassay-guided fractionation. The median lethal concentrations (LC50) of the 
compounds against the nematodes B. xylophilus, P. redivivus, and C. elegans 
after a period of 72h were 103.3, 49.0 and 45.4µg/l; 257.0, 62.7 and 177.8µg/l; 
and 242.9, 29.1 and 41.7µg/l, respectively [99].
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PHENOLS AND PHENOLIC ACIDS

Most plant phenolics arise from the shikimic and acetate pathways, which begin 
with the action of phenylalanine ammonia lyase upon phenylalanine or tyrosine 
[100]. As phenolics and lignification have been associated with plant resistance 
to a variety of pests and pathogens, investigations have sometimes revealed a 
correlation of elevated levels of phenolics with resistance or response of plants 
to nematode infection [101]. Many simple phenols are volatile, and exist in 
plant essential oils with antinematodal activity.

Pyrocatechol (124) isolated from Eragrostis curvula (Gramineae) was 
highly toxic to root-knot nematode juveniles. Its antinematodal effect was still 
detectable at 1:108 dilution [102]. Salicylic acid (125) and 4-hydroxybenzoic 
acid (126) showed nematocidal activity towards C. elegans and M. incognita 
and were effective in drench application [103].

Both methyl 4-hydroxybenzoate (127) and methyl 4-hydroxycinnamate 
(128) isolated from A. grayi showed inhibitory activity on M. incognita [27].

Immersion of tomato roots in solutions of five phenolics namely pyrocat-
echol (124), hydroquinone (129), phloroglucinol (130), pyrogallol (131), and 
orcinol (132) inhibited the infection by R. reniformis [104].
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Seven phenolic compounds including pyrogallol (131), ethyl gallate (133), 
3,5-dihydroxybenzoic acid (134), 3,4-dihydroxybenzoic acid (135), trans- 
cinnamic acid (136), frulic acid (137) and caffeic acid (138) were highly toxic to 
the larvae of M. incognita [105]. Both syringic acid (139) and vanillic acid (140) 
from the waste water of Olea europaea (Oleaceae) oil mills showed antinema-
todal activity on M. javanica at 15µg/ml [106].

Two phenolic acids, 3,5-dihydroxybenzoic acid (134) and gallic acid (141), 
were isolated from the aerial parts of Rubus niveus (Rosaceae) with their nema-
ticidal activity against freshly hatched secondary stage juveniles of M. incog-
nita [107]. Another two nematicial phenolic compounds namely vanillic acid 
(or called 3-methoxy-4-hydroxy benzoic acid, 140) and methyl benzoate (142) 
against nematode M. incognita were isolated from the aerial parts of Buddleja 
crispa (Loganiaceae) [108].

Furthermore, the condensed tannins extracted from Lotus pedunculatus 
(Leguminosae), Lotus corniculatus (Leguminosae), Dorycnium pentaphyllum 
(Leguminosae), Dorycnium rectum (Leguminosae) and Rumex obtusifolius 
(Polygonaceae) were able to disrupt the life cycle of the nematode Teladorsagia 
circumcincta by affecting egg hatching and larval  development [109].
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PHENYLPROPANOIDS AND LIGNANS

Five propenylphenols as chavicol (143), chavibetol (144), chavibetol acetate 
(145), allylpyrocatechol (146), and allypyrocatechol diacetate (147) from the 
chloroform extract of leaves of Piper betle (Piperaceae) killed C. elegans at 
200µg/ml. The high levels of these compounds in the leaves could constitute an 
efficient nematocidal effect [110]. Using microspectrofluorometry and image 
analysis, it was found that chavicol (143) and allypyrocatechol (146) caused 
a significant increase in levels of Ca2+ in the intestinal tract and destruction of 
the cell membrane, allowing leakage of cytosol from the intestinal tract into the 
pseudocoelomic cavity. The compounds induced a higher level of Ca2+, but for 
a shorter period, than DOPA [111].

Bioassay-directed fractionation with C. elegans led to the identification 
of chavicol (143) and demethyleugenol (or called allypyrocatechol, 146) 
from wounded leaves of Viburnum furcatum (Caprifoliaceae), and 4-vinyl-
phenol (148) from wounded leaves of three rosaceous species Sorbaria 
sorbifolia, Spiraea salicifolia, and Malus baccata. The minimum effective 
concentrations of these compounds ranged from 300 to 600µg/ml towards 
C. elegans [112].

Both caffeic acid (138) and o-coumaric acid (149) from the waste water of 
O. europaea (Oleaceae) oil mills showed antinematodal activity on M. javanica 
at 15µg/ml [106].

Acorus gramineus (Araceae) has been used as an insecticide for a long time 
[113]. The hexane extracts of the plant showed in vitro nematocidal activity. 
The activity was shown to be due to α-asarone (150) and β-asarone (151) [114], 
which were proved to have mammalian toxicity and carcinogenicity, but not 
suitable for use as pesticide [115].

Two antinematodal propenylphenols magnolol (152) and honokiol (153) 
were isolated from the ethyl acetate extract of the branches of Magnolia trip-
etala (Magnoliaceae). Their median lethal concentration (LC50) values were 
149.3µg/ml and 63.7µg/ml, respectively, against B. xylophilus; 74.5µg/ml and 
75.9µg/ml, respectively, against P. redivivus; 64.7µg/ml and 57.8µg/ml, respec-
tively, against C. elegans [116].
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Lignans are phenylpropanoid dimmers. Five nematicidal diphenylheptanoids, 
1,7-diphenyl-3-acetoxy-6(E)-heptene (154), 1,7-diphenyl-6(E)-hepten-3-one 
(155), 1,7-diphenyl-6(E)-hepten-3-ol (156), 1,7-diphenyl-4(E),6(E)-heptadien-
3-ol (157), and 1,7-diphenyl-6(E)-hepten-3-one-5-ol (158), with LC95 values 
as low as 0.7µg/ml in motility assays against C. elegans were isolated from the 
roots of turmeric (Curcuma comosa, Zingiberaceae) [117].
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Four curcuminoids namely curcumin (189), demethoxycurcumin (160), 
bisdemethoxycurcumin (161) and cyclocurcumin (162) were isolated from the 
nematocidally active extract of Curcuma longa (Zingiberaceae). When tested 
individually in an assay using Toxocara canis, the compounds were ineffective. 
However, a mixture of the compounds showed activity (0.1µg/ml) suggesting a 
synergistic action between them [118].

The methanol extract of Myristica malabarica (Myristicaceae) fruit rinds 
showed nematicidal activity with mortality of 100% at 1000µg/ml against 
B. xylophilus. Three nematicidal substances: malabaricones A (163), B (164) 
and C (165) were bioassay-guided and fractioned. Both malabaricones B (164) 
and C (165) showed stronger activity than malabaricone A (163). At the same 
time, a significant synergistic interaction between the three compounds on the 
pine wood nematode B. xylophilus was observed. When the combination of 
them at a ratio of 1:1:1 was applied, its LC50 value was 11.8µg/ml [119].

Dihydroguaiaretic acid (166) fractionated from the stem barks of Pycnan-
thus angolensis (Myristaceae) showed its antinematodal activity with the LC50 
value as 10µg/ml on C. elegans [120].
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Some phenylpropanoid derivatives have been screened to have antinematodal 
activity. Two chromenes rhynchonin A (167) and rhynchonin B (168) were iso-
lated from the aquatic tropical plant Rhycholacis penicillata (Podostemaceae) with 
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activity against C. elegans [121]. The seeds of celery (Apium graveolens, Umbel-
liferae) yielded 3-n-butyl-4,5-dihydrophthalide (169), which induced 100% nema-
tode mortality at 12.5µg/ml on P. redivivus, and at 50µg/ml on C. elegans [122].

In an examination of heartwood and bark parts from three pinaceous species 
(P. massoniana, Pinus strobes, and Pinus palustris) resistant to B. xylophilus, two 
lignans, (−)-nortrachelogenin (170) and (+)-pinoresinol (171), along with two phen-
ylpropanoid derivatives namely methyl ferulate (172) and pinosylvin monomethyl 
ether (173) were discovered to have antinematodal activity on B. xylophilus [74].

Six lignans namely bursehernin (174), matairesinol (175), syringaresinol (176), 
buplerol (177), guayarol (178), and nortrachelogenin triacetate (179) from Bupleu-
rum salicifolium (Umbelliferae) were tested for their nematostatic activity on the 
cysts and freed second-stage juveniles of the potato cyst nematodes G. rostochien-
sis and Globadera pallida. Among them, bursehernin (174) and matairesinol (175) 
at 50µg/ml showed the greatest activities against cyst hatching [123].
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Zingiber officinale (Zingiberaceae) has been eaten along with raw fish and 
used in traditional Chinese medicine. The extract from this plant exhibited strong 
inhibitory activity on Anisakis sp. larvae in vitro. The active compounds were 
identified as [6]-shogaol (180) and [6]-gingerol (181). In a solution contain-
ing [6]-shogaol (180) (62.5µg/ml), more than 90% of larvae lost spontaneous 
movement within 4h and were destroyed completely within 16h. Microscopic 
examinations showed destruction of the digestive tract and disturbances of 
the cuticle [6]-Gingerol (181) showed inhibitory activity on Anisakis larvae at 
250µg/ml. Synergistic effects between [6]-gingerol (181) and a small amount of 
[6]-shogaol (180) were observed [124].

Four nematicidal alkylene resorcinols named as (Z,Z)-5-(trideca-4,7-dienyl) 
resorcinol (182), (Z,Z,Z)-5-(trideca-4,7,10-trienyl)-resorcinol (183), (Z,Z,E)-5- 
(trideca-4,7,10-trienyl) resorcinol (184), and (Z)-5-(trideca-4-enyl) resorcinol 
(185), were isolated from Lithraea molleoides (Anacardiaceae). They exhibited 
strong paralyzing effects on the nematode C. elegans at a concentration range 
of 6–50µg/ml [125].
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OH

HO

 185  (Z)-5-(trideca-4-enyl)resorcinol

FLAVONOIDS

The flavonoids constitute a broad class of products of the phenylpropanoid ace-
tate pathway. They have a C15 skeleton and include a chroman ring bearing an 
aromatic in positions 2 and 3. Up to now, the isolated antinematodal flavonoids 
include flavones, flavonols, and isoflavonoids.

Quercetin (186) was a widely distributed flavonol, which inhibited repro-
duction of M. javanica as a soil drench at 400µg/ml [54].

Both lantanoside (187) and linaroside (188) were two flavone glyco-
sides from the aerial parts of L. camara (Verbenaceae), which were lethal to 
M. incognita juveniles at 1.0% [82].

Two nematicidal prenylated flavanones namely 8-(3-methyl-but-2-enyl)-
2-phenyl chroman-4-one (189) and 2-(4-hydroxyphenyl)-8-(3-methyl-but-
2-enyl)-chroman-4-one (190) against M. incognita and R. reniformis were 
obtained from Phyllanthus niruri (Euphorbiaceae) [126].
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O

O

190  2-(4-hydroxyphenyl)-8-(3-methyl-but-2-enyl)-chroman-4-one

OH

Many flavonoids act as phytoalexins, and can be elicited in plants by a variety 
of factors including viruses, microorganisms and nematodes [127–129]. When 
resistant plants are infected by nematodes, phytoalexins with antinematodal 
activity can be produced [127,130].

Rotenone (191) was reported very early to have antinematodal activity [131]. 
It displayed nematicidal activity (LC90, 1µg/ml) towards C. elegans [132]. Two 
isoflavonoids coumestrol (192) and psoralidin (193) as phytoalexins accumu-
lated at the site of nematode attack in lima bean (Phaseolus lunatus, Legumi-
nosae) in response to infection by Pratylenchus scribneri. Coumestrol (192) 
inhibited motility of P. scribneri at 5–25µg/ml, but did not inhibit motility of 
M. javanica [130]. Correlative evidences for a functional role of the related com-
pounds in resistance to nematodes have been obtained [133–135]. In particular, 
nematode attack on the roots elicits the transcription of genes encoding several 
enzymes of the shikimate pathway that leads to phytoalexin production [136].

Glyceollin (194) as a phytoalexin in soybean (Glycine max, Leguminosae) 
was associated with an incompatible response to root-knot nematodes. It accumu-
lated in soybean roots under challenge from M. incognita [137,138], and strongly 
but reversibly inhibited movement of M. incognita [139]. The level of glyceollin 
(194) was found to be related to resistance to the cyst nematode H. glycines [140].

Medicarpin (195), which was constitutively expressed in alfalfa (M. sativa, 
Leguminosae), occurred in higher concentrations in resistant alfalfa cultivars, 
and inhibited motility of P. penetrans in vitro [141]. Both medicarpin (195) and 
4-hydroxymedicarpin (196) were isolated as nematicidal principles in roots of 
Ethiopian medicinal plant Taverniera abyssinica (Leguminosae) by virtue of 
their antinematodal activity in the C. elegans bioassay [132].
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COUMARINS

The coumarins in plants are biosynthesized from p-coumaric acid. Three antine-
matodal coumarins namely 8-geranyloxypsoralen (197), imperatorin (198), 
and heraclenin (199) were obtained from the extract of Heracleum candicans 
(Umbelliferae). The median lethal concentrations (LC50) of the compounds 
at 72h were 188.3µg/ml, 161.7µg/ml and 114.7µg/ml, respectively against 
B. xylophilus [142].

Activity-guided fractionation from the methanol extract of Ageratum 
conyzoides (Compositae) using pine wood nematode B. xylophilus successfully 
led to the isolation and characterization of the nematicidal coumarin (200) with 
LC50 value of 75g/cotton ball [143].
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LACTONES

Three lactones isolated from the methanolic extract of A. graveolens (Umbel-
liferae) seeds were identified as sedanolide (201), senkyunolide N (202), and 
senkyunolide J (203). They showed mosquitocidal, nematicidal, and antifungal 
activities. Among them, sedanolide (201) had the strongest nematicidal activity 
at 50µg/ml with 100% mortality on the nematode C. elegans [144].
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ALKALOIDS

Many plant-derived alkaloids were screened to have antinematodal activity. 
These antinematodal alkaloids widely distribute in plant species of Legumino-
sae, Papaveraceae, Liliaceae, Apocyanaceae and Solanaceae [9,145,146].

Indole Alkaloids

Physostigmine (204), a tricyclic carbamate originally isolated from the Cala-
bar bean (Physostigma venenosum, Leguminosae), was the first alkaloid with 
the reversible acetylcholinesterase inhibitory activity against nematodes. It 
reversibly immobilized D. dipsaci at 1000µg/ml. Interestingly, the pea seed-
lings treated with much smaller quantities (e.g., 30µg/ml) of physostigmine 
(204) sulphate were significantly protected against subsequent infection of 
nematodes [147].

Serpentine (205) from the roots of Catharanthus roseus (Apocyanaceae) 
induced death and inhibited hatching of M. incognita at 0.2% [148], and inhib-
ited subsequent infection of tomato seedlings by M. incognita if the seeds were 
treated with serpentine at 0.2% (205) [60].
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Quinolizidine Alkaloids

Five quinolizidine alkaloids: N-methylcytisine (206), anagyrine (207), matrine 
(208), sophocarpine (209), and sophoramide (210) were isolated from the 
roots of Sophora flavescens (Leguminosae) with nematicidal activity against 
Bursaphelenchus oxylophilus. N-methylcytisine (206) was twice as active as 
anagyrine (207) but only half as nicotine (223). All the alkaloids (3–6µg/ml) 
inhibited reproduction of B. oxylophilus in the cotton balls assay [149,150]. 
Matrine (208), cytisine (211), N-methylcytisine (206), and aloperine (212) were 
similarly isolated from Sophora alopecuroides as active compounds against 
B. xylophilus [151].
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Isoquinoline Alkaloids

Three isoquinoline alkaloids namely chelerythrine (213), sanguinarine (214), 
and bocconine (215) from Bocconia cordata (also named as Macleaya cordata, 
Papaveraceae) were nematotoxic at 50–100µg/ml against the free-living nema-
todes Rhabditis sp. and Panagrolaimus sp. [152,153]. Satou et al. examined 
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protopine (216) from the aerial parts of M. cordata (Papaveraceae), d- corydaline 
(217) from the aerial parts of Chelidonium majus (Papaveraceae), and l-stylo-
pine (218) from the air-dried tubers of Corydalis turtschaninovii (Papaveraceae) 
which exhibited strong nematocidal activity against the third-stage larvae of 
Strongyloides ratti and S. venezuelensis in humans [154].

Five alkaloids, sanguinarine (214), protopine (216), cryptopine (219), 
β-allocryptopine (220), and 6-methoxy dihydro chelerythrine (221), were 
bioassay-guided and fractionated from Macleaya microcarpa (Papavera-
ceae). The LC50 values for the five compounds were 0.37, 3.31, 4.64, 8.13 and 
3.63mg/l, respectively, against Dactylogyrus intermedius in Gold fish (Caras-
sius auratus) [155].
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Pyrrolidine Alkaloids

(2R,3R,4R,5R)-2,5-Bis (hydroxymethyl) pyrrolidine-3,4-diol (abbreviated 
as DMDP, 222), a pyrrolidine alkaloid isolated from tropical legumes of the 
Lonchocarpus and Derris genera, exhibited a range of activities against several 
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plant-parasitic nematode species. DMDP inhibited cyst hatching of G. pallida 
and immobilized juveniles of G. rostochiensis. DMDP also reduced root galling 
by Meloidogyne spp. when it was used as the root drench or seed dressing, or 
applied as a foliar spray. This indicated that DMDP (222) should be a phloem-
mobile compound [156].

Nicotine (223) strongly inhibited hatching of cysts of H. glycines, and eggs 
of Meloidogyne hapla and M. incognita, but strongly stimulated hatching of 
cysts of Heterodera schachtii [157].

Monocrotaline (224), an ornithine-derived pyrrolizidine alkaloid from 
 Crotalaria spectabilis (Leguminosae) inhibited movement of M. incognita 
juveniles at 10µg/ml. Exposure of juveniles to monocrotaline solution did not 
prevent infection, however, there was no correlation between monocrotaline 
content of various Crotalaria species and resistance to M. incognita [158].

Four pyrrolizidine alkaloids, monocrotaline (224), heliotrine (225), lasio-
carpine (226), and senecionine (227), from Crotalaria sp. (Leguminosae), 
 Ageratum sp. (Compositae), Chromolaena odorata (Compositae), Senecio 
jacobaea (Compositae) were examined to show nematicidal, ovicidal and 
repellent effects on different nematodes such as M. incognita, H. schachtii, 
P. penetrans, Phasmarhabditis hermaphrodita, and Rhabditis sp. [159,160].
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Other Alkaloids

The extract from the dried unripe fruits of the Chinese medicinal plant Evodia 
rutaecarpa (Rutaceae) was bioassay-guided and fractionated using larvae of 
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Schistosoma mansoni, Ostertagia circumcincta, and C. elegans. The antine-
matodal component was identified as atanine (228), an anthranilic acid-derived 
quinolone alkaloid, which immobilized larvae and adults of C. elegans (LC50, 
10µg/ml) and J4 larvae of O. circumcincta (LC50, 50µg/ml) [114].

Colchicine (229) significantly inhibited the mobility of H. schachtii males 
when pretreated for 2 or 4h at 100mmol/l. The primary targets of colchicine 
(229) should be the microtubules of motor neurons, interneurons or of the cyto-
skeleton rather than sensory neuron microtubules [161]. High concentrations 
(i.e., 0.45%) of colchicine (229) were nematicidal to M. incognita juveniles. 
The activity of this compound from the seeds of Gloriosa superba (Liliaceae) 
was insufficient to account for the toxicity [162].
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ISOTHIOCYANATES AND GLUCOSINOLATES

Isothiocyanates are amino acid derivatives that contain the monovalent group – 
NCS. Glucosinolates are β-d-thioglucosides distinguished from one another 
by differences in their organic side chains, and are grouped as either ali-
phatic, aromatic, or indole forms. Both isothiocyanates and glucosinolates 
are mainly produced by cruciferous species. One of the first studied chemi-
cally mediated interactions between plants and nematodes was that between 
mustard plants (Brassica spp. and Sinapis spp.) and G. rostochiensis. A series 
of investigations led to the discovery of allyl isothiocyanate (230), the major 
component of black mustard (Brassica nigra, Cruciferae) seed oil. It inhibited 
hatching of Globodeta rostochinensis eggs at concentrations as low as 1µg/ml 
[163,164]. Allyl isothiocyanate (230) was also toxic to C. elegans with LC50 
value as 40µg/ml that was nearly three orders of magnitude more potent 
than the corresponding glucosinolate sinigrin (231) [165,166]. It is interest-
ing to note that sinigrin (231) was used as a soil fumigant, and amoscanate 
(4-isothiocyanato- N-(4-nitrophenyl)-benzeneamine, 232) and bitoscanate 
(1,4-diisothiocyanatobenzene, 233) as anthelmintics against Ancylostoma and 
Necator infections [167].
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2-Phenylethyl isothiocyanate (234), occurs in Sinapis alba (Cruciferae) 
roots, inhibited egg hatching in laboratory experiments at 50µg/ml and improved 
yield of potato in field experiments [168].

Chemical investigations of isothiocyanates as nematicides were initiated in 
1935 [169]. One of the most successful nematicides was metam sodium (235), 
which degraded in soil to yield methyl isothiocyanate (236) [170].

As allyl isothiocyanate (230) was not volatile, and did not move within soil 
either. Modified injection equipment and use of tarpaulins could increase its 
efficacy [171]. Ally isothiocyanate (230) was screened to have selective nema-
ticidal activity on the hatching of the nematode cysts or eggs. At 5µg/ml, it 
strongly inhibited H. glycines and M. incognita, no effect on M. hapla, but stim-
ulated the hatching of cysts of H. schachtii [172].

Benzyl isothiocyanate (237) was fractioned from the myrosinase-treated 
crude extract of papaya (Carica papaya, Caricaceae), and was proved to have 
antinematodal activity [173].

Isothiocyanates display a range of activities towards many soil organisms 
including nematodes, fungi, viruses, and insects. They are potent electrophiles 
which react with free amino groups of either amino acids or proteins. Evidence 
for the involvent of glucosinolate-derived isothiocyanates in toxicity of bras-
sicaceous soil amendments was provided by experiments demonstrating that 
rapeseed leaf or seed extracts or specific glucosinolates were toxic to C. ele-
gans, Xiphinema americanum, H. schachtii, or G. rostochinensis only when 
the extracts or compounds were enzymatically hydrolyzed [165,174–176]. 
Rapeseed or canola (Brassica napus, Cruciferae) has been received increasing 
attention as a rotation or green manure crop to provide nematode control, and 
isothiocyanates are also involved in this toxicity [177].

Virtually all cruciferous species produce thioglucose conjugates called glu-
cosinolates, which are located within the vacuole of each cell. Glucosinolates 
are considered to have little biological activity themselves. After hydrolysis, they 
produce compounds which contribute to plant defence. The hydrolysis could be 
catalysed by endogenous β-thioglucosidases (myrosinases) which are activated 
on tissue damage, in the case of nematodes, when the stylet perforates the cell. 
The hydrolysis of glucosinolates initially involves cleavage of the thioglucoside 
yielding d-glucose and unstable thiohydroximate-O-sulphonate that spontane-
ously rearranges, resulting in the production of sulphate and a range of possible 
reaction products, thiocyanate, isothiocyanate of nitrile depending on factors such 
as substrate, pH or the availability of ferrous ions [21,178,179]. The enzymatic 
hydrolysis of glucosinolates via myrosinase is shown in Fig. 1 [180]. Tissues of 
cruciferous plants containing glucosinolates reduce the number of soil-borne par-
asitic nematodes, including Meloidogyne spp., H. schachtii, and the root-lesion 
nematode P. penetrans. Glucosinolates are not active by themselves, but they 
become active in the presence of β-thioglucosidase. Thus sinigrin (231), gluco-
napin (238), glucoraphasatin (239), and glucotropaeolin (240) (0.5%), with added 
myrosinase, caused 93–100% mortality of J2 juvenile of H. schachtii [175].
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Additional evidence for the involvement of a specific glucosinolate as the 
determining factor for nematode resistance results from the observation that the 
ability of Pratylenchus neglectus to reproduce on B. napus cultivars was corre-
lated with their lower percentages of 2-phenylethyl glucosinolate (241), but not 
total glucosinolates [181]. 2-Phenylethyl isothiocyanate (241) applied to soil at 
16.2µg/g suppressed reproduction of P. neglectus [181]. In contrast, egg produc-
tion of M. javanica was not correlated with root glucosinolate concentrations or 
compositions in most of the 11 Brassica cultivars examined [182]. The conclu-
sion was that although glucosinolates are involved in nematode suppression, 
other chemical and biological factors should also be involved. The complex 
chemistry and compartmentalization of the glucosinolates and other sulphur-
containing compounds in the Cruciferae and the complexity of nematode feed-
ing may make interspecies comparisons difficult [22].

Buskov et al. selected eight glucosinolates including allyglucosinolate 
(sinigrin, 231), but-3-enylglucosinolate (gluconapin, 238), benzylglucosino-
late (glucotropaeolin, 240), 2-phenethylglucosinolate (gluconasturtiin, 241), 
4-methylsulfinylbut-3-enylglucosinolate (glucoraphenin, 242), 4-hydroxyben-
zylglucosinolate (sinalbin, 243), (2S)-2-hydroxybut-3-enylglucosinolate (epi-
progoitrin, 244), (2R)-2-hydroxy-2-phenylethylglucosinolate (epi- glucobarbarin, 
245) to test their nematicidal activity against the potato cyst nematode 
(G. rostochiensis). The glucosinolates were used at three concentrations as 
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FIGURE 1 Enzymatic hydrolysis of glucosinolates via myrosinase [180].
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0.05, 0.3 and 1.0mg/ml, in the presence or absence of the enzyme myrosinase. 
No effects of the compounds on the mortality were monitored. However, when 
active myrosinase was included with 1mg/ml of 2-phenethylglucosinolate (241) 
at pH 6.5, 100% mortality was observed within just 16h. A similar effect was 
achieved at the same concentration of allylglucosinolate (231) or benzylglu-
cosinolate (238) in the myrosinase-containing solutions. The aglucone prod-
ucts released from the other glucosinolates were observed to have pronounced 
effects on the nematodes [183].

Similarly, Zasada and Ferris compared the nematicidal activities of eight 
isothiocyanates, i.e., allyl- (230), 2-phyenylethyl- (234), methyl- (236), benzyl- 
(237), butyl- (246), ethyl- (247), phenyl- (248), and 4-methylsulfinyl (butyl)- 
(249) isothiocyanates. The LC90 values were 0.01µmol/ml and 0.03µmol/ml 
for 2-phenylethyl isothiocyanate and 0.48µmol/ml and 0.35µmol/ml for phenyl 
isothiocyanate (234) for T. semipenetrans and M. javanica, respectively [180]. 
Cruciferous sources of benzyl (237) or 2-phenylethyl (234) isothiocyanates are 
the most promising candidates for plant-parasitic nematode managements [184]. 
Another report on the nematicidal activity of the hydrolysis products of the 
tested glucosinolates via myrosinase on the root-knot nematode M. incognita 
showed that allyl- (230), 2-phenylethyl- (234), benzyl- (237), and 4-methylsul-
finyl (butyl)- (249) isothiocyanates exihibted strong activity at a concentration 
range of 11, 15, 21 and 34µmol/l, respectively [185].
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CYANOGENIC GLYCOSIDES

Cyanogenic glucosides are amino acid-derived products [186]. The ability of 
synthesizing these glucosides is common across many plant genera includ-
ing several important crop plants like sorghum (Sorghum bicolor, Graminae), 
cassava (Manihot esculenta, Euphorbiaceae), flax (Linum usitatissimum, Lin-
aceae), and almonds (Prunus dulcis, Rosaceae). Degradation of cyanogenic glu-
cosides is catalysed by enzymes and results in release of hydron cyanide which 
is known to be very toxic to a wide range of organisms, including nematodes 
[187]. Accordingly, cyanogenic glucosides are classified as phytoanticipins that 
may play a role in plant defence [188].
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For example, the green manures of Sudan grass (Sorghum sudanense, Grami-
nae) have been used as the nematode suppressants [189]. Common sorghum 
(S. bicolor, Graminae) also had the similar effects on nematodes [190]. They 
contain a cyanogenic glycoside dhurrin (250), which can be hydrolyzed by 
β-glucosidase, and releases an intermediate p-hydroxymandelonitrile (251), 
which then dissociates to produce free hydrogen cyanide (HCN) and p-hydroxy-
benzaldehyde ( p-HBA, 252) shown in Fig. 2 [191]. As the antinematodal activ-
ity of the fractionated Sudan grass extracts against M. hapla is associated with 
the presence of hydrogen cyanide in the fractions, it seems that dhurrin (250) is 
involved in the mode of action of Sudan grass on M. hapla [189,192].

The roots of cassava (M. esculenta, Euphorbiaceae) contain various quanti-
ties of cyanogenic glucosides, particularly linamarin (253) and lotaustralin (254) 
[193,194]. These compounds, and the enzymes involved in their catabolism, 
namely linamarase (EC 3.2.1.21) and α-hydroxynitrile lyase (EC 4.1.2.37), are 
known to reside in different subcellular compartments. When the cells are dam-
aged, the enzymes hydrolyze these glucosides, releasing cyanide via cyanohy-
drin intermediates. The breakdown of linamarin by the enzyme linamarase is 
very rapid, releasing glucose and an intermediate acetone cyanohydrin (255). At 
high pH, or at high temperatures, the cyanohydrin decomposes spontaneously, 
producing acetone together with volatile hydrogen cyanide which is very toxic 
to organisms [195]. The catabolism of linamarin (253) to hydrogen cyanide 
and acetone via acetone cyanohydrin is shown in Fig. 3. Manipueira, the liquid 
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OH OH
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FIGURE 2 Breakdown of dhurrin to the intermediate p-hydroxymandelonitrile and the final prod-
ucts of p-hydroxybenzaldehyde and hydrogen cyanide [189].
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formed during processing of cassava roots, has been utilized for nematode con-
trol for decades in Brazil [196].

OTHER COMPOUNDS

The sap of K. hookeriana (Myristicaceae) was particularly active against 
B. xylophilus in a cotton ball bioassay. The isolated benzaldehyde (256) inhib-
ited M. incognita-induced root gall formation in greenhouse or microplot stud-
ies in cotton, in search of biologically based fumigants [48].

Allicin (257), a major component of garlic (Allium sativum, Liliaceae), 
inhibited hatching of M. incognita at concentration of 0.5µg/ml, and was toxic 
to juveniles at 2.5µg/ml [197]. Immersion of tomato roots in allicin solutions 
as a prophylactic measure was beset by problems of phytotoxicity and lack of 
nematotoxicity, but a 5-min immersion in 25µg/ml of allicin inhibited penetra-
tion of the juveniles in roots by 50%, and was not phytotoxic [197].

Asparagusic acid (258), a sulphur-containing compound, was identified in 
the roots of asparagus (Asparagus officinalis, Liliaceae) as a nematicide. This 
compound inhibited hatching of H. glycines and G. rostochinensis, and induced 
mortality in three other nematode species at 50µg/ml [198].

Other sulphur-containing nematicidal substances include allygrin (259) 
from A. grayi, and five compounds from the ether extract of Allium fistulosum 
var. caespitosum, which were S-methyl propanethiosulfonate (260), dimethl tri-
sulfide (261), methyl propyl trisulfide (262), dipropyl disulfide (263), and all-
ylpropyl disulfide (264). These compounds showed strong nematicidal activity 
against M. incognita [27].
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CONCLUDING REMARKS

The control of plant-parasitic nematode diseases is of great importance due 
to their widespread presence and massive effects on the health of plants, ani-
mals and human beings. If a certain nematocide has been used for a long time, 
resistant varieties of nematodes will probably appear. Environment damage and 
human health will become great problems. Therefore, searching for new nema-
ticides and control strategies is always necessary [22]. In agricultural practise, 
the use of plants and plant extracts is one of the promising methods for nema-
tode control. They are cheap, easy to apply, produce no pollution hazards, and 
have the capacity to structurally and nutritionally improve the soil health.

In search of alternatives to chemically control nematodes, a number of plant 
secondary metabolites with potential antinematodal activity have been studied 
and clarified. Generally, the development of plant-derived antinematodal com-
pounds has not yet reached maturity [22]. Efforts have largely consisted of basic 
and descriptive research. One conspicuous aspect of this descriptive research is 
that only a small number of plant families have been investigated. Obviously, 
a wide range of plant taxa need to be included in the future. In addition, most 
plant nematological studies have started with plants or plant secondary metabo-
lites known to be active against other pest and pathogens. The action modes of 
most nematicidal plant metabolites are still unknown. Indeed, in some cases the 
concentrations evaluated in vitro have been so high that physiological activity 
would be contraindicated. In such experiments, osmotic, pH, and other nonspe-
cific effects cannot be excluded [22].

There is less interest among the public at large in mode of action than in 
the development of environmentally safe, inexpensive, agronomically useful 
compounds [95,199]. Are nematode-antagonistic phytochemicals likely to be 
safe, effective, and useful? An argument can be made that naturally occurring 
compounds are often more readily degraded in the environment than synthetic 
compounds. With respect to efficacy, only a few compounds have exhibited 
activity as effective as commercial nematicides. Although efficacy of specific 
phytochemicals may be high in vitro against some developmental stages of 
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some nematodes, the behaviour of these compounds in soil as well as other con-
siderations have limited their application in agriculture [22]. Furthermore, the 
cost of purification and preparation of the nematicidal compounds from plants 
should be considered.

The bioassays selected in phytochemical research are critical. Few inves-
tigators have utilized more than one nematode species in bioassays. Direct 
in vitro tests must be complemented by in vivo, soil-based experiments in order 
to examine phytotoxicity or binding to the soil. In order to determine whether a 
purified phytochemical is actually nematode-antagonistic or not, results should 
be duplicated, and its antinematodal activity should be compared with a chemi-
cally synthesized compound [22].

In a word, discovery of novel antinematodal metabolites from plants will 
provide new knowledge for use of natural products in plant protection. Agricul-
tural development and utilization of plant-derived antinematodal metabolites 
with low mammalian and environmental toxicity will guarantee food safety and 
agriculture sustainability, and ensure a safe and healthy environment. Investiga-
tion on antinematodal phytochemicals should be a promising area in nematode 
management.
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Chapter 4

Beneficial Health Effects of 
Bioactive Compounds Present  
in Spices and Aromatic Herbs

INTRODUCTION

The use of spices and aromatics herbs was a common practise in ancient times and 
in the present days. These products impart aroma, colour and taste to food prepa-
rations and sometimes mask undesirable odours. Volatile oils give the aroma, and 
oleoresins impart the taste [1]. The literature describes how they impart flavour 
and reduce the need for salt and fatty condiments, improve digestion and provide 
the organism with extra antioxidants that prevent the appearance of physiologi-
cal and metabolic alterations [2]. Thus, since prehistoric times, herbs have also 
been the basis for nearly all medicinal therapy until synthetic drugs were devel-
oped in the nineteenth century [3]. Prior to the nineteenth century, plant medi-
cines were administered mostly in their crude forms as infusions (herbal teas), 
tinctures (alcoholic extracts), decoctions (boiled extract of roots or bark), syrups 
(extracts of herbs made with syrup or honey) or applied externally as ointments 
(poultices, balms and essential oils (EOs)) and herbal washes [4,5]. However, 
during the late nineteenth and early twentieth centuries, scientists began isolat-
ing, purifying and identifying active ingredients (principles) from plant extracts.

Within the increasing interest to survive a healthy life the use of plants 
with pharmaceutical properties has received increased interest nowadays from 
both homeopathic and allopathic ranches. Besides, these medicinal plants play 
an important role in public health, especially in developing countries [6–8]. 
According to World Health Organization [9] 60% of the world’s population 
depend on traditional medicine, and 80% of the population in developing 
countries depend almost entirely on traditional medical practises, in particular, 
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herbal medicine for their primary health care needs [10,11]. As for developed 
countries, it is reported that sufferers of chronic diseases are turning to herbal 
remedies as alternatives to modern synthetic drugs [12]. This renewed interest 
in the use of herbal medicine in developed countries is believed to be motivated 
by several factors including: side effects of modern drugs, the effectiveness of 
plant remedies and the high cost of synthetic drugs.

In recent years major research has been focused on the biologically active 
derivatives of medicinal plants for the development of novel potential drugs 
for several pathologies with significant social impact [13] mainly the potential 
anti-tumour activity and the protective cardiovascular health. The components 
of spices responsible for the quality attributes have been designated as active 
principles and in many instances they are also responsible for the health benefi-
cial physiological effects [14]. These bioactive compounds are defined as non- 
nutritive constituents of spices or aromatic herbs, which usually occur in very 
small quantities. A vast diversity of bioactive components in plants has been 
found: terpenes, lignans, sulfides, carotenoids, cumarins, saponins, phytosterols, 
and polyphenols, including flavonoids, anthocyanins and phenolic acids [15].

Phenolic compounds and monoterpens are major constituents present in 
different spices; interestingly, the effective ingredients in several plant-derived 
medicinal extracts are also flavonoids [16].

A review of literature involving research of medicinal plants suggests that 
scientists follow more or less the same general strategy to investigate these com-
pounds for their pharmacological properties [17,18]. This general strategy can 
be summarized in:
 a)   Selection of plant species,
 b)   Collection and identification of plant material,
 c)   Extraction of plant material,
 d)   Screening the extract for biological activity,
 e)   Bioassay guided fractionation and isolation of active compounds,
 f)   Preclinical and clinical studies.

MONOTERPENES

Monoterpenes is the name given to a substantial group of vegetal components 
with a common biosynthetic origin; they are the fundamental component of 
spices EOs [19]. The most investigated monoterpenes are eugenol, carvacrol, 
γ-terpinene, carvone, thymol and limonene (Fig. 1) especially regarding their 
anticarcinogenesis activity, antioxidant properties and LDL reduction activity.

Monoterpenes and Anticarcenogenesis Activity

In animal models and at cellular levels, a number of dietary monoterpenes show 
anti-tumour activities preventing the initiation and progression of cancer and 
also causing regression of existing malignant tumours [16]. Thus, Kim et al. [20] 
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investigated the effect of eugenol on the growth and cyclooxygenase-2 (COX-2) 
expression in HT-29 human colon cancer cells. These authors concluded that 
eugenol inhibited the proliferation of HT-29 cells and the mRNA expression 
of COX-2, but not COX-1. Yoo et al. [21] reported that eugenol transduced 
the apoptotic signal via ROS generation, thereby inducing mitochondrial per-
meability transition (MPT), reducing anti-apoptotic protein Bcl-2 level, induc-
ing cytochrome c release to the cytosol, and subsequent apoptotic cell death 
in human promyelocytic leukaemia cells (HL-60). Han et al. [22] demon-
strated that eugenol reduced the levels of dimethylbenz[a]anthracene-induced 
(DMBA) DNA adduct formation in the breast cancer cell line, MCF-7 through 
at least three different mechanisms, (i) the direct inhibition and (ii) suppression 
of DMBA-activating enzymes and (iii) the induction of DMBA detoxification 
enzymes. Pisano et al. [23] reported that dimeric forms (biphenyls) of eugenol 
elicited specific antiproliferative and pro-apoptotic activity on neuroectoder-
mal tumour cells, possibly indicating their anti-cancer effect. Ghosh et al. [24] 
have shown that eugenol inhibits growth and induces apoptosis in melanoma 
cells in vitro and inhibits invasion and metastasis in vivo. Taken together, these 
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FIGURE 1 Structures of some important monoterpenes present in spices and aromatic herbs.
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findings underscore the pro-apoptotic, anti-invasive and anti-angiogenic poten-
tial of eugenol. In this way Manikandan et al. [25] shows that the administra-
tion of eugenol induced apoptosis via the mitochondrial pathway by modulating 
the Bcl-2 family proteins, Apaf-1, cytochrome c, and caspases and inhibiting 
invasion, and angiogenesis as evidenced by changes in the activities of metal-
loproteinases and the expression of matrix metalloproteinase-2 and metallo-
proteinase-9, vascular endothelial growth factor (VEGF), tissue inhibitors of 
metalloproteinases-2 and reversion-inducing cysteine rich protein with Kazal 
motifs. These findings are consistent with apoptosis induction by eugenol in 
mast cells as well as in human cancer cell lines by up regulating the expression 
of cytochrome c, Apaf-1 and caspase-3 associated with PARP cleavage [26]. Pal 
et al. [27] evaluate the chemopreventive potential of eugenol in an experimental 
skin carcinogenesis mice model system. These authors reported a reduction in 
incidence and sizes of skin tumours along with overall increase in survival of 
mice were seen due to eugenol treatment. Restriction of skin carcinogenesis at 
the dysplastic stage along with reduced rate of cellular proliferation and increase 
in apoptosis were evident in eugenol treated skin tumours. In this way, topical 
application of eugenol also inhibited skin carcinogenesis in mice by reducing 
proliferation index and increasing apoptotic index [28]. Slameňová et al. [29] 
demonstrated dose-dependent cytotoxic effects of eugenol in malignant cells 
(human hepatoma cells HepG2 and human colon cells Caco-2) and also in non-
malignant human fibroblasts VH10. The reason for the cytotoxicity of eugenol 
is probably the induction of apoptosis (programmed cell death connected with 
morphological changes and fragmentation of DNA). Yogalakshmi et al. [30] 
investigated the preventive effect of eugenol, a naturally occurring food flavour-
ing agent on thioacetamide (TA)-induced hepatic injury in rats. These authors 
reported that eugenol pre-treatment prevented DNA strand break induced by 
TA. Increased expression of COX-2 gene induced by TA was also abolished 
by eugenol. Maralhas et al. [31] showed that eugenol induces chromosomal 
aberrations and endo-reduplication in V79 cells, in the absence of an exogenous 
biotransformation system, suggesting a direct acting genotoxic mechanism, 
possibly as a topoisomerase II inhibitor. Abraham [32] indicated that eugenol 
pre-treatment can lead to a moderate reduction in genotoxicity of cyclophospha-
mide, procarbazine, N-methyl-N’-nitro-N-nitrosoguanidine and urethane.

Arunarsee [33] showed induction of apoptosis by carvacrol in MDA-MB 231 
cells dose dependently at an IC50 of 100mM with a decrease in the mitocondrial 
membrane potential of the cells resulting in release of cytochrome c from mito-
chondria, caspase activation and cleavage of PARP. For this author carvacrol 
induced morphological changes such as cell shrinkage, rounding of cells and 
membrane blebbing which depict the induction of apoptosis. This induction of 
apoptosis appears to be mediated by cell cycle arrest at S phase, increase in 
Annexin V positive cells, decrease in mitochondrial membrane potential and 
increase in cytochrome c release from mitochondria, decrease in Bcl-2/Bax 
ratio, increase in caspase activity and cleavage of PARP and fragmentation of 
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DNA. Thus, the current work clearly indicates that carvacrol could be a potent 
anti-tumour molecule against metastatic breast cancer cells. Carvacrol inhibited 
DMBA-induced tumourigenesis in rats and the growth of melanomas in vitro 
[34]. Ipek et al. [35] found that carvacrol prevented mutagenicity of known 
mutagens in lymphocytes and inhibited the DNA synthesis in mouse myoblasts. 
Koparal and Zeitinoglu [36] reported that carvacrol applied A549 cell lines, 
increase in dose of carvacrol caused a decrease in cell number, degeneration 
of cell morphology and a decrease in total protein amount. Cells were treated 
with carvacrol were seen to have detached from the disk, with cell rounding, 
cytoplasmic blebbing and irregularity in shape. In a study Mehdi et al. [37], 
showed the dose-dependent cytotoxic effect of carvacrol in human cervical 
cancer HeLa and SiHa cells at an IC50 of 50 mg L-1 by both the cytotoxic 
assays, respectively. The dying cells showed characteristics of apoptosis such as 
DNA fragmentation. Zeytinoglu et al. [38] informed that the incubation of the 
cells with different doses of carvacrol prevented DNA synthesis in the growth 
medium and ras-activating medium, which contains dexamethasone. This result 
demonstrates that carvacrol inhibits growth of myoblast cells even after activa-
tion of mutated N-ras oncogene. Karkabounas et al. [39] indicated that carva-
crol exerts in vivo remarkable anticarcinogenic effects. This is supported by: (a) 
30% lower tumour incidence in Wistar rats when the carcinogen was incubated 
in carvacrol in comparison with the tumour incidence by 3,4 benzopurene not 
incubated in carvacrol; (b) the significant prolongation of survival time of ani-
mals treated with 3,4 benzopurene in the presence of carvacrol compared with 
the control group; (c) the significant decrease of 3,4 benzopirene carcinogenic 
potency (44%), and (d) the induction of tumours of lower malignancy in the 
experimental group compared with the control group.

Limonene prevents both mammary and liver cancers at the promotion/pro-
gression stage. When mammary cancers were initiated in rats by either the direct 
acting carcinogen N-methyl-N-nitrosourea or the indirectly acting carcinogen 
DMBA, they could be prevented from developing if the carcinogen-exposed 
rats were fed limonene starting 2 weeks after carcinogen doping [40]. Haag 
et al. [41] tested the ability of limonene to induce the regression of chemically 
induced small mammary carcinomas, which occasionally spontaneously regress. 
They found that a large but nontoxic dose of limonene could cause the complete 
regression of the majority of treated mammary tumours, they also observed that 
advanced (>10mm diameter) chemically induced mammary tumours, which 
only rarely spontaneously regress. Russin et al. [42] reported that d-limonene 
diets as low as 0.1 and 0.01% were effective in significantly increasing tumour 
latency in rats with DMBA-induced mammary cancer. Chen et al. [43] evalu-
ated the antiproliferative effect in human prostate cancer LNCaP cells. l-limo-
nene was weak cell growth inhibitor and introduction of 4-(2-methoxyphenyl) 
piperazine to limonene significantly increased their antiproliferative effect. 
The antiproliferative effect was correlated with ERK activation and p21waf1 
induction. Uedo et al. [44] reported that long-term oral administration of 2% 
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limonene significantly decreased the incidence of gastric cancers. Limonene 
also significantly decreased the labelling index and significantly increased the 
apoptotic index of gastric cancers. No K-ras mutations were detected in gastric 
cancers induced by MNNG in either group. These findings indicate that limo-
nene inhibits the development of gastric cancers through increased apoptosis 
and decreased DNA synthesis of gastric cancers, but not through ras oncop-
rotein plasma membrane association. Crowell et al. [45] examined the effect 
on 26 limonene-like monoterpenes on protein isoprenylation and found that 
limonene inhibits protein isoprenylation and that many monoterpenes inhibited 
small G protein isoprenylation to a greater extent than limonene did.

Archana et al. [46] demonstrated that thymol especially at a concentration 
of 25µg/ml has the potential of protecting cells from radiation-induced apop-
tosis. However, the exact mechanism of inhibition of radiation-induced apop-
totic pathway by TOH needs to be elucidated. Aydin et al. [47] who noticed 
that non-cytotoxic low concentrations of thymol, protected against DNA strand 
breakage, induced by semiquinone and oxygen radicals formed by 2-amino-3-
methylimidazo(4,5-f)-quinoline (IQ) and mitomycin C (MMC) in lymphocytes, 
whereas high concentrations increased DNA damage.

d-Carvone has been found to reduce fore stomach tumour formation and 
pulmonary adenoma formation induced by N-nitrosodiethylamine in mice [48]. 
Yu et al. [49] reported that d-carvone shows antiproliferative effects and induced 
apoptosis in human HL-60 cells through an ROS-independent pathway that is 
different from the treatment with As2O3 and doxorubicin.

Monoterpenes and Cardiovascular Health

One of the major risk factors for the development of coronary heart disease is 
dyslipidemia, which is mainly characterized by elevated levels of low-density 
lipoprotein cholesterol (LDL-C) and/or reduced high-density lipoprotein cho-
lesterol (HDL-C) [50]. There are scientific evidences that free radical oxidation 
of the low-density lipoproteins (LDLs) plays an important role in the develop-
ment of atheroma plaque [51]. Thus, Milde et al. [52] informed that incubating 
plasma with γ-terpinene extends the resulting lag phase in the copper-mediated 
formation of conjugated dienes in LDL by the factor 1.5 or 2.7 respectively 
results, corroborated by Graßmann et al. [53] who proved that γ-terpinene can 
be enriched in LDL by pre-incubating human blood plasma with γ-terpinene 
and that the subsequently isolated LDL shows a high resistance against copper 
induced oxidation. Takahashi et al. [54] showed in later studies that γ-terpinene, 
which was added to LDL solutions is able to prevent the oxidation of LDL. 
Carvacrol and thymol, via post-transcriptional actions, suppress 3-hydroxy-3-
methylglutaryl CoA (HMG-CoA) reductase activity, the rate limiting for the 
synthesis of cholesterol [55]. Inhibition of this enzyme in the liver stimulates 
LDL receptors, leading to increased clearance of LDL from the bloodstream 
and a decrease in blood cholesterol levels [56].
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PHENOLICS ACIDS

One of the main compounds responsible for most of the functional properties 
of many foods, among them herbs and spices, are phenolic acids in any of their 
forms [19]. The structures of phenolic acids are diverse (Fig. 2). Hydroxyben-
zoic acids are based on a C6–C1 skeleton, while cinnamic acids are a series of 
trans-phenyl-3-propenoic acids with C6–C3 structures differing in their ring 
substitution. Caffeic acid (CA) and its esters and ferulic acid are the most fre-
quently encountered phenolic acids in plant foods [57].

Almost all phenolics possess several common biological and chemical prop-
erties: (a) antioxidant activity, (b) the ability to scavenge electrophiles, (c) the 
ability to inhibit nitrosation, (d) the ability to chelate metals, (e) the potential 
to producing hydrogen peroxide in the presence of certain metals, and (f) the 
capability to modulate certain cellular enzyme activities [58]. All these char-
acteristics make phenolic acids to be considered as bioactive compounds with 
beneficial health properties.

Anticarcenogenesis Activities of Spices Phenolic Acids

A wide array of phenolic substances, particularly those present in dietary and 
medicinal plants, has been reported to possess substantial anticarcinogenic 
and antimutagenic activities. The majority of these naturally occurring pheno-
lics possess anti-oxidative and anti-inflammatory properties, which appear to 
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contribute to their chemopreventive or chemoprotective activity. Kampa et al. 
[59] demonstrated the antiproliferative and apoptotic effects of selective phe-
nolic acids on T47D human breast cancer cells. They suggested that all six 
phenolic acids tested (CA, ferulic acid, protocatechuic acid, 3,4-dihdroxy-
phenylacetic acid, sinapic acid and syringic acid) showed a dose-dependent and 
time-dependent inhibitory antiproliferative effect on T47D cells, with the fol-
lowing potency: CA > ferulic acid = protocatechuic acid = 3,4-dihdroxy-phenyl-
acetic acid > sinapic acid = syringic acid.

Caffeic acid (3,4-dihydroxycinnamic acid) as mentioned above, is found 
in plant foods. Jung et al. [60] examined in vitro and in vivo, whether CA 
exerts anti-cancer activity by targeting signal transducer and activator of 
transcription 3 (STAT3). They found that CA significantly inhibits STAT3 
activity, and that this in turn down-regulates HIF-1a activity. Consequently, 
sequential blockade of STAT3 and HIF-1a resulted in the down-regulation of 
VEGF by inhibiting their recruitment to the VEGF promoter. In mice bear-
ing a Caki-I carcinoma, CA retarded tumour growth and suppressed STAT3 
phosphorylation, HIF-1a expression, vascularization and STAT3-inducible 
VEGF gene expression in tumours. Chang et al. [61] reported that CA sig-
nificantly reduced proliferation of cervical cancer cells (HeLa) in a concen-
tration-dependent manner. Morphological evidence of apoptosis, including 
nuclei fragmentation was clearly observed 24 and 48h after exposure to CA 
(1mM and 10mM). Indeed, CA decreased levels of uncleaved caspase-3 and 
Bcl-2, and induced cleaved caspase-3 and p53. For these authors CA induces 
apoptosis by inhibiting Bcl-2 activity, leading to release of cytochrome c and 
subsequent activation of caspase-3, indicating that CA induces apoptosis via 
the mitochondrial apoptotic pathway. Kim et al. [62] demonstrated that CA 
has the anti-angiogenic activity to retinal endothelial cells and retinal neo-
vascularization in a mouse model, which might be related to the suppression 
of ROS-induced VEGF expression. CA effectively inhibited VEGF-induced 
proliferation of retinal endothelial cells in concentration-dependent manner. 
In addition, VEGF-induced migration and tube formation of retinal endothe-
lial cells were completely inhibited. This anti-angiogenic activity of CA on 
retinal endothelial cells was related to the antioxidant activity: the inhibitory 
activity of CA to H2O2-induced reactive oxygen species (ROS) production 
and VEGF expression.

Another phenolic acid with anticarcinogenesis activity is the gallic acid 
(3,4,5-triphydroxyl-benzoic acid). Gallic acid is a well-known natural antioxi-
dant which is reported to induce apoptosis in various cell lines such as PLC/
PRF/5 (human hepatoma), HL-60 RG (human promyelocytic leukaemia), P-388 
D1 (mouse lymphoid neoplasma), HeLa (human epithelial carcinoma), dRLh-
84 (rat hepatoma) and KB (human epidermoid carcinoma) but not in human 
T-cell leukaemia (MOLT-4) and erythroleukemic (K-562) cell lines through 
generation of ROS, Ca2+ influx and activation of calmodulin [63]. Apoptosis 
induced by gallic acid is associated with oxidative stresses derived from ROS, 
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mitochondrial dysfunction and an increase in intracellular Ca2+ level [64,65]. 
However, gallic acid shows no cytotoxicity against normal fibroblast and endo-
thelial cells [66]. You and Park [67] investigated the anti-cancer effects of gallic 
acid on Calu-6 and A549 lung cancer cells in relation to ROS and glutathione 
(GSH). Gallic acid dose dependently decreased the growth of Calu-6 and A549 
cells with an IC50 of approximately 10–50µM and 100–200µM gallic acid at 
24h, respectively. Gallic acid also induced cell death in lung cancer cells, which 
was accompanied by the loss of mitochondrial membrane potential. Ho et al. 
[68] investigated the effect gallic acid on the inhibition of gastric adenocarci-
noma (AGS). These authors informed that the expression of MMP-2/9 of AGS 
cells was inhibited by 2.0µM of gallic acid. It is possible that the suppressive 
effect of gallic acid on MMP-2/9 might involve the inhibition of NF-jB activity. 
Multiple proteins involved in metastasis and the cytoskeletal reorganization sig-
nal pathway, including Ras, Cdc42, Rac1, RhoA, RhoB, PI3K and p38MAPK, 
were also inhibited by gallic acid.

Ferulic acid (4-hydroxy-3-methoxy cinnamic acid) is an ubiquitous phe-
nolic compound of plant tissues and thus constitutes a bioactive ingredient of 
many foods. Baskaran et al. [69] investigated the chemopreventive potential of 
ferulic acid on DMBA-induced mammary carcinogenesis in Sprague– Dawley 
rats. The authors reported that oral administration of ferulic acid at a dose 
of 40mg/kg body weight to rats treated with DMBA significantly prevented 
the tumour formation in 80% of animals. Also, oral administration of feru-
lic acid significantly protected the biochemical and molecular abnormalities 
in DMBA-treated rats. Although the exact mechanism for the chemopreven-
tive potential of ferulic acid in DMBA-induced mammary carcinogenesis is 
unclear, its antigenotoxic and antioxidant potential as well as modulatory effect 
on phase II detoxification cascade could play a possible role. In a similar study, 
Alias et al. [70] evaluated and compared the chemopreventive potential of 
topically applied and orally administered ferulic acid in DMBA-induced skin 
carcinogenesis. These authors showed that the oral administration of ferulic 
acid completely prevented the formation of skin tumours, whereas topically 
applied ferulic acid did not show significant chemopreventive activity during 
DMBA-induced mouse skin carcinogenesis. Also, oral administration of feru-
lic acid reverted the status of phase I and phase II detoxication agents, lipid 
peroxidation by-products and antioxidants to near-normal range in DMBA-
treated mice. This is probably due to its modulating effect on the status of lipid 
peroxidation, antioxidants and detoxication agents during DMBA-induced skin 
carcinogenesis.

Antioxidant Activities of Spices Phenolic Acids

Many herbal spices are known as excellent sources of natural antioxidants, 
and consumption of fresh herbs in the diet may therefore contribute to the 
daily antioxidant intake. Phenolic acids are natural antioxidants and most of 
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their pharmacological properties are considered to be due to their antioxidant 
action. It is considered that the antioxidant activity of phenolic compounds is 
due to their high redox potentials, which allow them to act as reducing agents, 
hydrogen donors and singlet oxygen quenchers [71]. The antioxidant activ-
ity of the phenolics is essentially determined by their structures, in particular 
the electron delocalization over an aromatic nucleus. When these compounds 
react with free radicals, the delocalization of the gained electron over the phe-
nolic antioxidant occurs, and the stabilization by the resonance effect of the 
aromatic nucleus, which prevents the continuation of the free radical chain 
reaction [72]. Earlier studies on antioxidant effect of caffeic and ferulic acid 
pertain to radical scavenging, inhibition of lipid peroxidation and protection 
against LDL oxidation [73,74]. Caffeic acid and its derivatives are good sub-
strates of polyphenol oxidases, and under certain conditions may undergo oxi-
dation in plant tissues or products of plant origin [75]. This compound has 
been shown to be a α-tocopherol protectant in LDL [76]. Production of ROS 
in tissue contributes to the development of various chronic diseases such as 
cancer, neurodegenerative diseases, and cardiovascular diseases [77]; it is 
well known that ROS are responsible for ischemia/reperfusion (I/R). Thus, 
Sato et al. [78] found that chlorogenic acid and CA exhibit protective effects 
against I/R injury in the rat small intestine. However, uptake of chlorogenic 
acid by Caco-2 cells was much less than that of CA, which is a metabolite of 
chlorogenic acid. Since chlorogenic acid is hydrolyzed into CA in the intestine 
and CA has a stronger antioxidant activity than that of chlorogenic acid, it is 
possible that CA plays an important role in the protective effect of chlorogenic 
acid against I/R injury.

Ferulic acid has been shown to possess some activity towards peroxyni-
trite [79] and oxidized low-density lipoprotein (ox-LDL) in vitro [80]. The 
antioxidant action of ferulic in plasma is far greater than that of vitamin C 
against LDL oxidation [81]. In a similar study Itagaki et al. [82] reported that 
combined antioxidant activity from radical scavenging and xanthine oxidase 
inhibition of ferulic acid was much weaker than the combined antioxidant 
activities of (−)-epigallocatechin gallate and ascorbic acid, treatment with 
ferulic acid also prevented the increase in vascular permeability caused by 
intestinal I/R. It is possible that chain-breaking activity plays a contributory 
role in the protective effect of ferulic acid on oxidative injury in humans and 
in vivo studies.

FLAVONOIDS

Flavonoids are ubiquitous polyphenolic compounds comprised of several 
classes including flavonols, flavanones, flavanols, flavones and catechins [83]. 
Fig. 3 shows some examples of flavonoids. Many studies have pointed to the 
functional properties of flavonoids, which include anti-inflammatory [84] 
capacities; their cardioprotective [85] and anticarcinogenic [86] activities.
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Anticarcenogenesis Activities of Spices Flavonoids

Rosmarinic acid (α-O-caffeoyl-3,4-dihydroxyphenyl lactic acid) is a naturally 
occurring hydroxylated compound [87] and it is found in Lamiaceae family. 
Huang et al. [88], informed that rosmarinic acid inhibited several important 
steps of angiogenesis including proliferation, migration, adhesion and tube for-
mation of human umbilical vein endothelial cells (HUVEC) in a concentration-
dependent manner. Rosmarinic acid at the concentration of 12.5, 25, 50, 100 
and 200mM reduced cell growth by 6.2, 8.0, 13.0, 15.4 and 24.0%. Rosmarinic 
acid also reduced intracellular ROS level, H2O2-dependent VEGF expression 
and IL-8 release of endothelial cells. These findings suggested that the anti-
angiogenic potential of RA might be related to its anti-oxidative activity, which 
further resulted in the inhibition of ROS associated VEGF expression and IL-8 
release. Kim et al. [89] investigated the inhibitory effect of rosmarinic acid on 
ADR-induced apoptosis in H9c2 cardiac muscle cells. These authors showed 
that rosmarinic acid has a greater anti-apoptotic effect than probucol, ascorbic 
acid and alpha-tocopherol. The results provide evidence for the first time that 
c-Jun N-terminal (JNK) kinase and signal-regulated kinase (ERK) activation 
can be pro-apoptotic in ADR-treated cardiac muscle cells, and strongly suggest 
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that ROS is responsible for ADR-induced JNK, and ERK activation. In addi-
tion, these results also suggest that the inhibitory effect of RA is associated 
with the up-regulation of Mn-SOD and glutatione and its scavenging effect on 
free radicals in cardiac muscle cells. Furtado et al. [87] evaluated the mutagenic 
and/or antimutagenic potential of rosmarinic acid on peripheral blood cells of 
Swiss mice. These authors reported that treatment with different concentrations 
of rosmarinic acid combined with doxorubicin revealed a significant reduction 
in the frequency of micronuclei compared to animals treated with doxorubicin 
only. Although the exact mechanism underlying the protective effect of RA is 
not completely understood, the putative antioxidant activity of this compound 
might explain its effect on DXR mutagenicity.

Kaempferol (3’,4’,5,7-tetrahydroxyflavone) and quercetin (3,3’,4’,5,7-pen-
tahydroxyflavone) are flavonols, commonly found in spices and aromatic herbs. 
Reported that quercetin aglycone has been shown to interact with some recep-
tors, particularly an aryl hydrocarbon receptor, which is involved in the devel-
opment of cancers induced by certain chemicals. Murakami et al. [90] reported 
that quercetin aglycone has also been shown to modulate several signal trans-
duction pathways involving MEK/ERK and Nrf2/keap1, which are associated 
with the processes of inflammation and carcinogenesis. Yuan et al. [91] reported 
that the intravenous injection (50mg/kg) of a liposomal preparation of quercetin 
efficiently suppressed tumour growth in mice models transplanted with diverse 
cancer cells. Oh et al. [92] informed that quercetin inhibits VEGF mediated 
angiogenesis in TAM-resistant breast cancer cells and that the suppression of 
PI3-kinase-dependent Pin1 expression by quercetin seems to be critical for this 
activity.

Taking kaempferol into account, Yoshida et al. [93] informed that the com-
bined treatment with kaempferol and factor-related apoptosis-inducing ligand 
(TRAIL) drastically induced apoptosis in human colon cancerSW480 cells, 
compared to single treatments. Kaempferol markedly up-regulated TRAIL 
receptors, DR5and DR4. DR5 but not DR4 siRNA efficiently blocked apop-
tosis induced by the co-treatment with kaempferol and TRAIL, indicating that 
DR5 up-regulation by kaempferol helps to enhance TRAIL actions. Zhang et al. 
[94] studied the effect and mechanisms of kaempferol on pancreatic cancer cell 
proliferation and apoptosis. These authors reported that upon the treatment 
with 70µm kaempferol for 4 days, MIA PaCa-2 cell proliferation was signifi-
cantly inhibited by 79% compared with control cells. Similarly, the treatment 
with kaempferol significantly inhibited Panc-1 cell proliferation. Kaempferol 
treatment also significantly reduced 3H-thymidine incorporation in both MIA 
PaCa-2 and Panc-1 cells.

Apigenin (4’,5,7-trihydroxy flavone) is found in high amounts in several 
herbs. Lee et al. [95] investigated whether combination therapy with gem-
citabine and apigenin enhanced anti-tumour efficacy in pancreatic cancer. 
The authors reported that in vitro, the combination treatment resulted in more 
growth inhibition and apoptosis through the down-regulation of NF-jB activity 
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with suppression of Akt activation in pancreatic cancer cell lines (MiaPaca-2, 
AsPC-1). In vivo, the combination therapy augmented tumour growth inhibi-
tion through the down-regulation of NF-jB activity with the suppression of 
Akt in tumour tissue. The combination of gemcitabine and apigenin enhanced 
anti-tumour efficacy through Akt and NF-jB activity suppression and apoptosis 
induction. Zhong et al. [96] found that pro-apoptotic proteins (NAG-1 and p53) 
and cell cycle inhibitor (p21) were induced in the presence of apigenin, and 
kinase pathways including PKCd and ataxia telangiectasia mutated (ATM), play 
an important role in activating these proteins. Indeed, apigenin is able to reduce 
polyp numbers, accompanied by increasing p53 activation through phosphory-
lation in animal models. Shukla and Gupta [97] conducted detailed studies to 
understand its mechanism of action. The exposure of human prostate cancer 
22Rv1cells, harbouring wild-type p53, to growth-suppressive concentrations 
(10–80µM) of apigenin resulted in the stabilization of p53 by phosphorylation 
on critical serine sites, p14ARF-mediated down-regulation of MDM2 protein, 
inhibition of NF-κB/p65 transcriptional activity, and induction of p21/WAF-1 in 
a dose- and time-dependent manner.

Cardioprotective Activities of Spices Flavonoids

The beneficial effects derived from flavonoids, with respect to cardiovascular 
disease prevention have been attributed to (i) their antioxidant activity [98], 
(ii) the prevention of atherosclerosis [99], and (iii) the effect on platelet aggre-
gation [100]. Many studies focused on the protective effects of flavan-3-ols such 
as catechin against lipid peroxidation and LDLs oxidation. Thus Auclair et al. 
[101] investigated the anti-atherosclerotic effects of catechin supplemented in 
the diet of apoE deficient mice at a low nutritional level. They reported that 
catechin supplementation reduced the mean atherosclerotic lesion area by 32% 
but had no effect on total cholesterol and triacylglycerol levels in the plasma 
and the liver. Indeed, the expression of 450 genes was significantly modified 
by catechin supplementation. Some of the most significantly down-regulated 
genes included genes coding for adhesion molecules such as CD34 and PSGL-1 
known to play a key role in leukocyte adhesion to the endothelium. Koo and 
Noh [102] has determined, in in vitro and in vivo studies, that catechins inhibit 
the intestinal absorption of dietary lipids. Studies in vitro indicated that cat-
echins interfere with the emulsification, digestion, and micellar solubilization 
of lipids, critical steps involved in the intestinal absorption of dietary fat, cho-
lesterol, and other lipids. Based on the observations, it was likely that catechins 
lower the absorption and tissue accumulation of other lipophilic organic com-
pounds. Mangiapane et al. [103] reported that catechin completely inhibited the 
copper catalyzed oxidation of LDL at 20mg/l.

Bhaskar et al. [104] reported that supplementation of quercetin significantly 
modulates the NF-κB p65 nuclear translocation. The cytokine IL-6 production 
was significantly increased in ox-LDL treated group and was decreased by 
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quercetin treatment. Quercetin also decreased the mRNA expression of induc-
ible enzymes like COX-2 and iNOS. Indeed Quercetin inhibited the ox-LDL 
induced toll-like receptors 2 and toll-like receptors 4 expression at mRNA level 
and modulated the Toll-like receptors-NF-κB signalling pathway thereby inhib-
ited the cytokine production and down regulated the activity of inflammatory 
enzymes thus have protective effect against the ox-LDL induced inflammation 
in PBMCs. Gong et al. [105] explored the roles of quercetin in the regulation 
of Paraoxonase (1 PON1) expression, serum and liver activity and protec-
tive capacity of HDL against LDL oxidation in rats. Group feeding quercetin 
(10mg/L) increased (a) hepatic expression of PON1 by 35%, (b) serum and liver 
PON1 activities by 29% and 57%, respectively, and (c) serum homocysteine 
thiolactonase (HCTL) activity by 23. These results suggest that quercetin has 
anti-atherogenic effect by up regulating PON1 gene expression and its protec-
tive capacity against LDL oxidation.

Anti-inflammatory Activities of Spices Flavonoids

The topical application of spices and extracts is common practise for alleviat-
ing a variety of discomforts such as backache, rheumatism, skin rashes and 
inflammatory processes in general [106]. Mahat et al. [107] investigate whether 
kaempferol modulates the cyclooxygenase pathway via inhibition of nitric 
oxide production, which in turn contributes to its anti-inflammatory activity. 
In other study Pang et al. [108] informed that kaempferol at 5, 10, and 20µM 
inhibited the TNF-α-induced production of IL-6 in mouse osteoblasts in a dose-
dependent manner. García-Mediavilla et al. [109] informed that kaempferol 
produced a significant concentration-dependent decrease of iNOS, COX-2 and 
CRP protein level at all concentrations assayed. Indeed, the kaempferol sig-
nificantly inhibited mRNA level of iNOS, COX-2, and CRP. For these authors 
the modulation of iNOS, COX-2 and CRP by kaempferol may contribute to 
the anti-inflammatory effects of these two flavonoids in Chang Liver cells, via 
mechanisms likely to involve blockade of NF-κB activation and the resultant 
up-regulation of the pro-inflammatory genes.

Quercetin is another flavonoid with demonstrated anti-inflammatory activ-
ity. Studies carried out in vitro have shown that quercetin exhibits, besides 
other activities, pronounced anti-inflammatory property, an effect that seems 
to be associated with its ability to block some inflammatory mediators [110], 
adhesion molecules expression [111], inducible enzymes [109] and nuclear 
transcription factor activation [112]. Thus, quercetin blocked both the cyclo-
oxygenase and lipooxygenase pathways at relatively high concentrations; 
while at lower concentrations, the lipooxygenase pathway was the primary 
target of inhibitory anti-inflammatory activity [113]. In this way quercetin 
attenuated the expression of pro-inflammatory cytokines in PMA and cal-
cium ionophore (PMACI)-stimulated mast cells and suppressed the TNF-α 
induced recruitment of NF-kappa B to pro-inflammatory gene promoters in 
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murine epithelial intestinal cells [114,115]. Rogerio et al. [116] reported that 
oral administration of quercetin suspension failed to interfere with leuko-
cyte recruitment, while quercetin-loaded microemulsion inhibited in a dose-
dependent way, the eosinophil recruitment to the broncho alveolar lavage 
fluid quercetin-loaded microemulsion also significantly reduced both IL-5 
and IL-4 levels, but failed to interfere with CCL11, IFN-γ and LTB4 levels. In 
addition, quercetin-loaded microemulsion oral treatment inhibited the nuclear 
transcription factor kappa B (NF-κB) activation, P-selectin expression and the 
mucus production in the lung.

Funakoshi-Tago et al. [117] found that apigenin, luteolin and fisetin sig-
nificantly inhibited TNFα-induced NF-κB transcriptional activation; how-
ever, they had no effect on the degradation of IκB. proteins and the nuclear 
translocation and DNA binding activity of NF-κB p65. Interestingly, the sup-
pression of NF-κB activation by these flavonoids is due to inhibition of the 
transcriptional activation of NF-κB, since the compounds markedly inhibited 
the transcriptional activity of GAL4-NF-κB p65 fusion protein. In another study 
Deqiu et al. [118] demonstrated that in cells pre-treated with luteolin, IKKb 
phosphorylation were reduced, which, in turn, blocked the NF-kB activation 
through attenuating P65 phosphorylation. At the same time, it was also found 
that the gene over-expressions for TNF-α and IL-6 were also reduced by luteo-
lin pre- treatment. A recent study showed that apigenin flavonoid reduced the 
production of inflammatory mediators by inhibiting NF-κB activation; how-
ever, the molecular mechanism of how apigenin inhibits NF-κB activation and 
consequentially exhibits anti-inflammatory activity has not been described 
[119]. Poeckel et al. [120] described the anti-inflammatory activity of carnosic 
acid and carnosol, compounds of a phenolic nature occurring in spices such as 
rosemary and sage, which act through the formation of pro-inflammatory com-
pounds such as leukotrienes.

CONCLUSIONS

This review shows the beneficial effects of different bioactive compounds, such 
as terpenoids, flavonoids and phenolics acids present in spices and aromatic 
herbs and how they can help in the fight against certain diseases. However, one 
must keep in mind that most studies are performed with isolated bioactive com-
ponents in vitro or in vivo assays (cell lines or animals studies), which means 
that the concentration used is higher than that is present in the spices or aromatic 
herbs. So, several studies must be developed, especially in issues such as bio-
availability and bioaccessibility, to determine how the spices or aromatic herbs 
consumed in a balanced diet can help to maintain a proper health. We must also 
take into account that their use as nutraceuticals in a concentrated form needs 
further investigation for efficacy and toxicity. On the other hand, we must also 
take the possible synergistic effect produced by various bioactive compounds in 
food these adjuncts.
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Chapter 5

Bioactive Plant Isoprenoids: 
Biosynthetic and 
Biotechnological Approaches

OVERVIEW OF TERPENOIDS

The isoprenoids – or terpenoids – encompass over 40,000 structurally and func-
tionally diverse natural products. Although present in all living organisms, they 
are most abundant in plants, where they perform essential functions in growth and 
development (e.g., as plant growth regulators) and crucial ecological roles (e.g., in 
defence and pollinator attraction). All isoprenoids are produced through repetitive 
condensations of the five-carbon unit, isopentyl diphosphate (IPP) and its reactive 
allylic isomer, dimethyl allyl diphosphate (DMAPP) [1], Fig. 1. There are seven 
major classes of terpenoids, categorized according to the number of isoprene units 
that make up their backbone structure [2,3]. These include the mono- (C10), ses-
qui- (C15), di- (C20), sester- (C25), tri-(C30), tetra- (C40), and polyterpenes (Cn).

Biosynthesis of isoprenoids occurs in four general stages. First is the synthe-
sis of IPP and DMAPP via the MVA (mevalonate) and MEP (methylerythritol-
4-phosphate) pathways, which are located in separate compartments within a 
plant cell [4,5], Fig. 1. In plants, the MEP pathway is located in the plastid 
and through this pathway mono-, di-, and tetraterpenes are produced [5,6]. The 
MVA pathway is located in the cytosol, where it is responsible for the produc-
tion of sesqui-, tri-, and polyterpenes [5,7]. Although these two pathways are 
kept apart and can function independently, there is metabolic exchange between 
the cytosol and plastid [8]. Secondly, there occurs the formation of the prenyl 
diphosphates [5,9]. During this stage, one molecule of each of DMAPP and IPP 
are condensed to produce geranyl diphosphate (GPP) [1,3], the linear precursor 
to monoterpenes. Two IPPs and one DMAPP are condensed to create farnesyl 
diphosphate (FPP), the precursor for sesqui- and triterpenes. Three IPPs and 
one DMAPP are condensed to form geranyl geranyl diphosphate (GGPP), the 
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precursor for di- and tetraterpenes [9], Fig. 1. The third step involves the syn-
thesis of the parent skeletons for each terpenoid class from the respective prenyl 
diphosphates (GPP, FPP, and GGPP), via terpene synthases and cyclases [3,8]. 
Finally, there is modification of the terpene parental skeletons, which include 
electrophilic addition of side groups or rearrangement of the molecule [1,3].

Terpenoids may be synthesized ubiquitously in all plant parts, including 
leaves, flowers, stems, roots, seeds, and buds. Because terpenoids are toxic 
to plants, especially in concentrated amounts, those which accumulate large 
quantities of terpenoids as essential oils or defensive resins, employ special-
ized structures such as glandular trichomes or resin ducts for storage of these 
compounds. In this way the toxic terpenoids are sequestered in certain locations 
of the plants, rather than free-floating throughout their vascular systems [10].

Although once considered secondary, and thus non-essential metabolic by-
products, terpenoids perform a variety of crucial functions and have roles in the 
regulation of growth and development, pigmentation, pollinator attraction, and 
plant defence. For example, the isoprenoid-derived plant hormones, gibberellins, 
abscisic acid (ABA), and phytosterols are essential for the growth and develop-
ment of all the plants [1]. In addition, numerous proteins, polysaccharides, and 
other key cellular metabolites (e.g., chlorophylls, and quinones) contain isopren-
oid (prenyl) side-chains that are essential for their biological activities.

A family of isoprenoids, the carotenoids, create the pigmentation of brightly 
coloured fruits and some flowers [5,11], and play key roles in attracting pol-
linating insects by visual means. For example β-carotene produces the orange 
colour in carrots [11], and the tetraterpenoid lycopene is responsible for the red 
and orange colours in tomato fruit, Table 1 [12]. Other smaller isoprenoids such 
as the monoterpenes, linalool and camphene, Table 1, are chemical attractants 
of insects and other pollinators [9].

Many isoprenoids have potent antimicrobial properties and play important 
defensive roles. Notable examples include citral (monoterpene), citronellal 
(monoterpene) [13], α-cedrene (sesquiterpene), α-duprezianene (sesquiterpene) 
[14], candidissiol (diterpene), and horminone (diterpene) [15]. Some plant ter-
penoids are involved in indirect defence, manifested in the form of tritrophic 
level interactions. An example of a tritrophic system can be seen in the Phaseo-
lus lunatus, Lima bean plants. Tetranychus urticae are a species of herbivorous 
spider mites that prey on the Lima beans. These mites are preyed upon by the 
predatory spider mites, Phytoseiulus persimilis. In order to protect themselves 
from the herbivorous mites, the bean plants produce a cocktail of mono- and 
sesquiterpenes which attracts the predatory mites [16,17].

In addition to their natural functions, several isoprenoids have been of great 
medicinal value to humans for centuries. A number of examples are listed in Table 1.

FIGURE 1 Overview of MVA (mevalonate) and MEP (methylerythritol-4-phosphate)/DXP 
(deoxyxylulose-5-phosphate) pathways of terpenoid biosynthesis in plants. X1 indicates 1 of that 
molecule: X2 indicates 2 of that molecule, and X3 indicates 3 of that molecule.
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TABLE 1 Representative Examples of Various Classes of Bioactive Plant Terpenoids

Terpene name Structure Class Medicinal use Reference

1,8-Cineole

O CH3
CH3
CH3

Monoterpene Decongestant [18]
Anti-tussive [18]
Local analgesic [18]
Anti-inflammatory [18]

(−)-Camphor CH3
CH3

O

CH3

Monoterpene Topical analgesic [19]

Carvacrol

OH

CH3

CH3

CH3

Monoterpene Respiratory disorder [20]

(−)-Linalool

CH3
CH2

CH3 OHCH3
Monoterpene Analgesic [21]

Anti-inflammatory [21]
Anxiolytic [22]

(+)-Menthol CH3

OH

CH3

CH3

Monoterpene Cold symptoms [23]
Gastrointestinal disorders [23]
Respiratory disorders [23]
Muscle pain [23]
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(−)-Terpinen-4-ol CH3

OHCH3

CH3

Monoterpene Anti-cancer (i.e., Melanoma) [24]

Thymol OH

CH3

CH3

CH3

Monoterpene Antioxidant [25]
Anti-inflammatory [25]
Anti-bacterial (mouth/throat  
infections)

[25]

Anti-fungal [25]

α-Humulene CH3

CH3
CH3

CH3

Sesquiterpene Anti-inflammatory [26]

Artemisinin

O

O

CH3

O

CH3

O
O

H
CH3

H

Sesquiterpene Malaria [27,28]
Schistosomiasis [28]
Hepatitis B [28]
Anti-cancer (i.e., Breast) [28]

Continued
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TABLE 1 Representative Examples of Various Classes of Bioactive Plant Terpenoids—Cont’d

β-Caryophyllene CH3

CH2

CH3 CH3

H H

Sesquiterpene Anti-inflammatory [26,29]

Farnesol

CH3 OH

CH3 CH3 CH3 Sesquiterpene Anti-cancer (i.e., Leukemia,  
lung)

[30]

Cafestol O

CH3

OH

OCH3

O

Diterpene Anti-cancer (i.e., Hepatic) [31,32]
Skin care (i.e., Psoriasis) [32]
Anti-inflammatory [32]

Dolabellane-1

CH3

CH3

CH3

OAc CH3
OAc

H

CH3OH

Diterpene Anti-viral (i.e., HSV-1) [33,34]

Terpene name Structure Class Medicinal use Reference
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Forskolin

O

CH3
CH3

OH
CH3

H
OH

O

CH3O

CH3

OH

O CH3

CH2 Diterpene Cardiomyopathy [35]

Kahweol

O

OH

OH Diterpene Anti-cancer (i.e., hepatic) [31,32]
Skin care (i.e., psoriasis) [32]
Anti-inflammatory [32]

Taxol

6

5

7

4

8

3

9

2

10

1

11

14

12

13

CH3

CH3

CH3

CH3

O

O

O

O

OHO

OH O

O

CH3

CH3

O

O

ONH

O

OH

Diterpene Cancer (i.e., breast) [36]
Anti-diabetic [37]
Diuretic [37]
Emmenagogue [37]

Continued
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Betulinic acid

OH

CH3

CH3

H

CH3

H

CH3

CH3

H

H

O

OH

CH3

CH2

Triterpene Anti-viral (i.e., HIV-1) [38]
Anti-cancer (i.e., melanoma) [39]

Ginsenoside (Rg1)

CH3 CH3

CH3

CH3CH3

OH

OGlc

CH3 CH3

CH3

GlcO
Triterpene Adaptogenic agent [40]

Diabetes [41,42]
Hypertension [41]
Arthritis [43]

Moronic acid CH3CH3

O

OH

H

CH3

CH3CH3

CH3

H

CH3
O

Triterpene Anti-viral (i.e., HIV-1) [38]

TABLE 1 Representative Examples of Various Classes of Bioactive Plant Terpenoids—Cont’d

Terpene name Structure Class Medicinal use Reference
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Squalene

CH3

CH3

CH3
CH3

CH3
CH3

CH3

CH3
Triterpene Anti-cancer (i.e., colon  

and lung)
[44]

(+)-α-Tocopherol
O

CH3
CH3

OH

CH3

CH3

CH3 CH3 CH3
CH3

Tetraterpene Antioxidant [45]
Hypertension [46]

β-Carotene

CH3
CH3 CH3

CH3CH3
CH3CH3

CH3CH3

CH3 Tetraterpene Antioxidant (i.e., macular  
degeneration)

[47]

(all-E)-Lutein

CH3
CH3 CH3

CH3CH3

OH
CH3CH3

CH3 OH
CH3 CH3

Tetraterpene Antioxidant (i.e., macular  
degeneration)

[48]

Lycopene
CH3

CH3

CH3

CH3

CH3

CH3

CH3 CH3

CH3 CH3 Tetraterpene Antioxidant [49]
Anti-cancer (i.e., prostate) [50]
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In recent years there has been increased interest in identification and char-
acterization of the genes involved in the biosynthetic pathways of terpenoids, 
with the ultimate goal of developing technologies for improving their produc-
tion in plants [8]. This review will cover the structure, source, biosynthesis, and 
biotechnological approaches to improve the yields of three individual bioactive 
plant terpenoids, menthol, artemisinin, and taxol, and two bioactive plant terpe-
noid classes, ginsenosides and carotenoids (specifically β-carotene).

MENTHOL (MONOTERPENE)

Menthol is a 10-carbon monocyclic terpene alcohol with a molecular weight 
of 156 and the chemical formula, C10H20O, that is naturally produced in plants 
belonging to the Mentha genus in the Lamiaceae family [51,52]. One of these is 
the peppermint plant, Mentha piperita, a hybrid cross between Mentha aquatica 
(watermint) and Mentha spicata (spearmint) [52]. These perennial herbs were 
originally found growing in Mediterranean Europe, but are today being culti-
vated in many different parts of the world [52]. Menthol is responsible for the 
typical mint odour and taste of these plants and their essential oils [53]. In fact, 
(−)-menthol, shown in Fig. 2, is the primary and characteristic monoterpene 
in Mentha essential oils and its IUPAC designation is (1R,3R,4S)-1-methyl-4-
(1-methylethyl)-cyclohexan-3-ol. In addition to (−)-menthol, there are seven 
other possible menthol stereoisomers produced by some Mentha species: 
(+)-menthol, (+/−)-isomenthol, (+/−)-neomenthol, and (+/−)-neoisomenthol. 
These compounds can be obtained from the leaves and stems of these Mentha 
plants (not the roots) via steam distillation just before flowering [54,55].

Biological Activities of Menthol

Today, menthol is used in a great variety of products. Some of these include 
flavouring food, beverages, and candy, fragrance in hygiene products, laundry 
detergents, air fresheners, pesticides, and pharmaceuticals [55]. As a medicine, 
menthol is used to treat cold symptoms, gastrointestinal and respiratory disor-
ders, and muscle pain [23]. Examples of over the counter drugs which contain 
menthol can be seen in Table 2. Menthol is also used as a natural radioprotective 
agent in cancer patients receiving irradiation therapy. The exact mechanism by 
which this occurs is yet to be elucidated [56].

It has been shown that a number of mono- and bicyclic terpenoids can affect 
transient receptor potential vanilloid-3 (TRPV-3) [19]. The TRPV-3′s are part of 
a super family of ion channels that play roles in the transmission of thermal and 
nociceptive information in the peripheral nerves, found in human skin. These 
channels are implicated during situations where peripheral nerves are damaged 
such as cases of hyperalgesia or inflammation. Among the monocyclic terpe-
noids tested was (−)-menthol. It was found that after long-term exposure to this 
monoterpene, TRPV-3 became decreasingly responsive to menthol, indicating 
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that menthol exerts at least some of its therapeutic properties through desensiti-
zation of TRPV-3 [19]. Further, a more recent study has indicated that menthol 
“cools” through the actions of the TRPM8 (transient receptor potential cation 
channel subfamily M member 8) ion channel [57]. TRPM8 is part of the same 
super family of transient receptor potential excitatory ion channels as TRPV-3. 
TRPM8 cation channels are activated by both menthol and cool temperatures 
[58,59,60]. Though the receptor on which (−)-menthol acts is now known, the 
exact mechanism is yet to be elucidated [57].

Biosynthesis of Menthol

The biosynthesis of (−)-menthol is summarized in Fig. 2 [55,61]. Following 
the condensation of IPP and DMAPP to GPP, the next step is the cyclization 
of GPP to (−)-limonene, by limonene synthase (LS) [55], which represents the 
committed and rate-limiting step of menthol biosynthesis [62]. The next step 
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FIGURE 2 The biosynthetic pathway of (−)-menthol in Mentha species.
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is carried out by the NADPH dependent limonene-3-hydroxylase (L3H). This 
enzyme performs the allylic hydroxylation of (−)-limonene, converting it to 
(−)-trans-isopiperitenol [55]. From this point, the third step, an NAD depen-
dent (−)-trans-isopiperitenol dehydrogenase (IPD), catalyzes the allylic oxida-
tion of (−)-trans-isopiperitenol to produce (−)-isopiperitenone [63]. Next, the 
NADPH dependent (−)-isopiperitenone reductase (IPR) reduces (−)-isopiperi-
tenone to (+)-cis-isopulegone, Fig. 2. The fifth step is the conversion of (+)-cis-
isopulegone to (+)-pulegone, catalyzed by (+)-cis-isopulegone isomerase (IPI) 
[55]. In the sixth step, PR produces (−)-menthone and (+)-isomenthone. Finally, 
the seventh step involves the reduction of the carbonyl group on (−)-menthone 
to produce (−)-menthol. This reduction process is catalyzed by the enzyme 
(−)-menthone reductase (MR). It has been shown that there are in fact two dis-
tinct keto reductases that operate in a stereoselective manner. The first is ste-
reoselective for 3R reduction, and yields (−)-menthol from (−)-menthone and 
(+)-neoisomenthol from (+)-isomenthone. The second is stereoselective for 3S 
reduction and yields (+)-neomenthol from (−)-menthone and (+)-isomenthol 
from (+)-isomenthone. Of these four isomers produced by the menthol biosyn-
thetic pathway, (−)-menthol is the major product [55,64].

Use of Biotechnology for Improved Production of Menthol

Peppermint, M. piperita plant is the main source of menthol for industrial 
use, and thus biotechnological efforts for improving menthol production have 
largely focused on improving the quality and yield of the essential oil in this 
plant. There have been several different methods developed by which this can 
be achieved, and some of those include: metabolic engineering, somaclones, 
mutation induction, and fungal endophytes.

TABLE 2 Some Examples of Over the Counter Drugs Containing Menthol

Trade name Use Vector

IcyHot Analgesic (topical) Patch

Tiger balm Analgesic (topical) Cream

Ricqlès Antiemetic Beverage

Eucerin Antipuritic Lotion

Umcka ColdCare Cough suppressant Syrup

Mentholatum Decongestant Syrup

Vicks Vaporub Decongestant Cream

Dermal Em Sunburn relief Spray
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In one of the earliest attempts at metabolic engineering in Mentha plants, 
the overexpression of 1-deoxy-d-xylulose-5-phosphate reductoisomerase 
(DXR) was found to result in an essential oil yield increase of 40–50% in 
M. piperita [65,66]. Similarly, oil yield was increased when geranyl diphos-
phate synthase (GPPS) was overexpressed, though this modification has yet 
to be confirmed by field testing [65]. There have been several efforts for over-
expression of the LS and L3H genes in peppermint, but this has not resulted 
in significant increases in yield [67]. In a study by Mahmoud and Croteau, 
2004, overexpression of limonene-3-hydroxylase (L3H) resulted in a success-
ful increase in L3H transcript levels in some mint plants, although this did 
not improve oil yield or quality. However, silencing of the L3H gene led to a 
substantial increase in the limonene content in the essential oil of these plants, 
while simultaneously resulting in a much decreased menthol yield [62]. This 
was due to the lack of a functional L3H enzyme available to continue along the 
biosynthetic pathway, from (−)-limonene to (−)-menthol. Thus, (−)-menthol 
biosynthesis was blocked at (−)-limonene, resulting in accumulation of the 
latter compound [62].

Another biotechnological strategy to improve the quality of menthol produc-
tion in peppermint involved reducing the levels of pulegone and the menthofu-
ran side products. Menthofuran is considered a “stress metabolite” because it is 
produced via menthofuran synthase (MFS) from (+)-pulegone during stressful 
environmental conditions such as short sunlight exposure, limited moisture, and 
nutrient deficiencies [55]. Together, menthofuran and (+)-pulegone give what 
has been described as an “off” odour to the Mentha essential oils. Therefore, 
a greater quality essential oil would contain lower levels of these metabolites 
[65]. This was achieved in an experiment by Mahmoud et al., 2003, where there 
was downregulation of the MFS gene. This led to lower (+)-pulegone and men-
thofuran levels in the oil, and thus there was an increase in flux through PR, 
ultimately resulting in greater (−)-menthol content [68].

All the genes of the menthol biosynthetic pathway have been isolated, 
cloned, and characterized in the recent years and some of those have been suc-
cessfully manipulated to increase quality and yield of Mentha essential oils. 
However, there are still several enzymes including, IPD, IPR, IPI, PR, and MR, 
which need to be explored for their metabolic engineering potential, Fig. 2.

As mentioned before, there are other methods, apart from genetic engineer-
ing, which are currently used to increase (−)-menthol production. One such 
technique was developed after the observation that members of the Mentha 
species tend to exhibit highly variable levels of (−)-menthol accumulation 
between individual plants. Based on this, the ideal means to obtain plants 
with higher yielding menthol levels would be to establish a breeding program. 
Unfortunately, Mentha plants present the problem of sterility; therefore tradi-
tional breeding techniques cannot be used [69]. It has been long known that 
high monoterpene levels are cytotoxic to plants. Because of this, plants which 
produce monoterpenes must either store them in specialized structures such 
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as glandular trichomes or as non-toxic glycosidic derivatives [70]. Using this 
knowledge, one study showed there was a correlation between Mentha plants 
which could tolerate higher levels of exogenous menthol and those which 
tended to accumulate more of the  monoterpene in their glandular trichomes. 
It was suggested that the reason for this was due to a natural genetic altera-
tion which afforded the (−)-menthol tolerant plants a mechanism with which to 
by-pass the feedback inhibition system, while simultaneously allowing for the 
continued accumulation of very high levels of (−)-menthol (when compared to 
other Mentha plants) [71].

Later, researchers used this observation to help overcome the Mentha ste-
rility problem. They turned to natural variant clone selection in order to isolate 
high yielding clones. An experiment by Dhawan et al., 2003, developed a 
method for screening somaclones using media containing varying concen-
trations of menthol to select for high (−)-menthol yielding Mentha arvensis 
plants [70].

An example of the use of mutation induction to create improved Mentha 
lines can be seen in a study which used various clones, hybrids, and fertile 
lines of the Mentha species, and treated them with cobalt 60 gamma irradiation. 
They found that those plants which had been subjected to irradiation ended up 
possessing mutations which gave them varying degrees of resistance to Verticil-
lium dahliae, a soil borne pathogen, responsible for causing Verticillium wilt in 
Mentha species, whereas untreated control plants remained susceptible to the 
pathogen [72].

Another interesting method which has been used to increase biosynthesis of 
(−)-menthol in Mentha plants involves endophytic fungi. In 2003, Mucciarelli 
et al. took advantage of the natural mutualistic relationship which can some-
times be found between beneficial fungal endophytes and certain host plants. In 
these relationships, the endophytic fungus will protect the host plant from harm-
ful fungi. In the case of this experiment, the fungal isolate used was dubbed 
Plant Growth Promoter-Hyaline Sterile Fungus (PGP-HSF), from the Pyreno-
mycetes class of fungi. Mentha piperita plants were inoculated with PGP-HSF 
and allowed to grow for 30 days, at which point it was found that those plants 
which had been inoculated with the fungal endophyte had produced up to 65% 
more (−)-menthol than the control (non-inoculated) plants [73].

ARTEMISININ (SESQUITERPENE)

Artemisinin, or qinghaosu, which means “from green herb” in Chinese [74], 
is produced by plants of the genus Artemesia. Some species within this genus 
include, Artemesia apiacea and Artemesia lancea, but the species which pro-
duces the greatest artemisinin yield is Artemesia annua, also known as Qinghao 
[75] or annual wormwood, a plant which has been used for over 2000 years 
by the Chinese as a herbal remedy for fever and haemorrhoids [27,74,76]. It 
is structurally classified as an endoperoxide sesquiterpene lactone [28], with a 



149Chapter | 5 Bioactive Plant Isoprenoids

molecular weight of 282 and the chemical formula, C15H22O5 [77,78], Fig (3). 
This sesquiterpene is stored in the trichomes on the A. annua leaf surface [76].

There are many semi-synthetic and synthetic artemisinin derivatives with 
the same biological activities as artemisinin. Some of these include artemether, 
arteether, and artesunate [76], Fig. (3). One problem with natural artemisinin 
is that it has low solubility in water and oil, limiting its therapeutic value. The 
advantage to using semi-synthetic analogues of artemisinin is that they have 
been engineered with pharmacological properties superior to those of the par-
ent compound. These pharmacological properties include: improved solubility, 
potency, and more favourable metabolic and hydrolytic stabilities [76,79].

Biological Activities of Artemisinin

The disease for which artemisinin is most well known is malaria, a parasitic infec-
tion caused and transmitted by the mosquito Plasmodium falciparum. Malaria 
is considered the worst parasitic disease in developing parts of the world such 
as Africa and southeast Asia [27,28]. Traditionally, quinolines such as quinine, 
mefloquine, and amodiaquine have been used to treat malaria. However, over the 
years there has been an alarming rise in the number of quinoline-resistant para-
sites. Therefore, artemisinin has become the alternative option, although in the 
majority of cases it is used in combination with other anti-malarial drugs, such 
as these quinolines to avoid the emergence of resistant parasites before complete 
eradication of all the P. falciparum infection could be achieved [27]. Two great 
qualities of artemisinin are the low number of side effects [27] and a very rapid 
onset of action, in most cases clearing the patient’s blood of parasites within 48h 
[74]. This latter quality is of particular interest in severe cases such as cerebral 
malaria [75]. In addition to its excellent anti-malarial activity, many artemisinin 
derivatives have been found to exhibit beneficial effects against other diseases 
such as hepatitis B, HIV, schistosomiasis, and certain cancers including breast, 
prostate, colon, and lung cancers, as well as leukemia [28]. Two specific exam-
ples of these diseases which can be treated by artemisinin are described below.
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FIGURE 3 A comparison of parent compound, Artemisinin, to the structure of related trioxane 
derivative compound, Artesunate.
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In an experiment by Jung and Shinzai, 1994, artemisinin-related trioxane 
derivatives, Fig. 3, were demonstrated as potential anti-HIV agents. The exact 
mechanism by which this anti-HIV activity occurs is still unknown. However, 
because artemisinin and its derivatives are producers of radical oxygen, it has 
been suggested that the activated oxygen species mediates the anti-HIV activ-
ity of the artemisinin-related compounds. The trioxane compound, which was 
found to have the greatest anti-viral activity, was 12-n-butyldeoxoartemisinin, 
but it only possessed this anti-HIV activity at a moderate degree [80].

There is evidence that monotherapy involving the artemisinin derivative, 
semi-synthetic artesunate, Fig. 3, has a very powerful effect against schisto-
somal infections. In an experiment by De Clercq et al., artesunate was tested for 
its efficacy against Schistosoma mansoni infection. This study was carried out 
on a number of individuals infected with the trematode. Intensities of the infec-
tion’s symptoms were reduced, as were the number of eggs found in patients’ 
feces [81].

Although artemisinin has been used to treat several ailments, this sesquiter-
pene’s greatest effect is against P. falciparum, and so it will likely continue to 
be used as part of combination therapy to treat malaria patients.

Biosynthesis of Artemisinin

Numerous studies over the last three decades have been dedicated to the eluci-
dation of the artemisinin biosynthetic pathway. However, the complex pathway 
has not been conclusively outlined to date [76,82]. This section will describe the 
biosynthetic pathway of artemisinin, focussing on the branches containing two 
of the most probable direct precursors, artemisinic acid (ArtA) and dihydroar-
temisinic acid (DHA), Fig. 4.

Artemisinin biosynthesis occurs in the two outer apical cells of the secre-
tory glandular trichomes of A. annua [83]. Starting from FPP, the biosynthetic 
pathway can be described in three phases. The first involves the conversion of 
FPP to amorpha-4,11-diene (AD), Fig. 4. In the second phase, AD is converted 
to DHA, and in the third and final phase, artemisinin is produced from DHA 
[76]. Beginning with phase one, the enzyme amorpha-4,11-diene synthase 
(ADS) cyclizes FPP to the bicyclic sesquiterpene, AD [76]. There are contro-
versies over which of ArtA or DHA is actually a direct precursor to artemisinin 
[84]. Older literature has suggested that ArtA serves as the biogenic precursor 
[85,86]. Initially, it was believed that a P450 monooxygenase (CYP71AV1 in 
A. annua) was responsible for the three consecutive oxidations which convert 
AD to first artemisinic alcohol (ArtAlc), then to artemisinic aldehyde (ArtAld), 
and finally to ArtA, Fig 4. There has, however, been new evidence suggesting 
that AD is actually converted to DHA, starting with the same two oxidations 
mentioned above, yielding first ArtAlc and then ArtAld [84].

From this point, a recently identified enzyme, Dbr2 which codes for a dou-
ble bond reductase 2, carries out the reduction of ArtAld to DHA [82]. Bertea 
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et al., 2005, have argued that there is no interconversion between ArtA and 
DHA, therefore ArtA could not be a good precursor candidate for artemisinin 
[84]. A recent experiment by Wallaart et al., 2001, established that there is a 
correlation between the increase of artemisinin and the decrease of DHA during 
artemisinin biosynthesis, suggesting that DHA is indeed a direct precursor of 
the anti-malarial molecule [87]. Other research further supporting this, involved 
an experiment where a new artemisinin biosynthetic gene was identified. This 
gene (Red1) coded for a dihydroartemisinic aldehyde (DHAld) reductase. This 
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enzyme was found to have a negative impact on artemisinin production as it 
selectively converts DHAld to dihydroartemisinic alcohol (DHAlc). There was 
no detection of the reverse reaction taking place. Unlike the case of ADS which 
was only found to be actively transcribed in older leaves, Red1 transcription 
was high in both young and old leaves.

The biosynthetic steps of the final phase are still very controversial. The 
most recent views tend to favour the putative pathway from DHA to artemisinin 
through an allylic tertiary hydroperoxide intermediate (TAHP) [76], Fig. 4. It 
has been suggested that DHA acts as a singlet oxygen scavenger, protecting the 
plant cells from the damage of reactive oxygen species. During its quenching 
activity with singlet oxygen, DHA forms a hydroperoxide intermediate which 
has been proposed to be the factor enabling DHA’s spontaneous conversion to 
artemisinin [87]. It was shown by Sy et al., 2002, that DHA undergoes slow, 
non-enzymatic (spontaneous) autoxidation, even in the absence of light [88]. 
A mechanism for the spontaneous conversion of DHA to artemisinin was pro-
posed by Sy and Brown in 2002. The formation of artemisinin’s 1,2,4-trioxane 
ring begins with the oxygenation of DHA’s double bond and this was found 
to be carried out by the same P450 enzyme, CYP71AV1, which oxidized AD 
to ArtA [89,90]. This yields the TAHP which then undergoes Hock cleavage, 
resulting in an enolic intermediate. This enol reacts with molecular oxygen 
to produce a vicinal hydroperoxyl-aldehyde (HPAld), Fig. 4, which is then 
cyclised, finally yielding artemisinin [90]. This mechanism was based on the 
production of peroxofabiane, a very similar compound analogous to artemis-
inin, also of interest in anti-malarial use, and found in Fabiana imbricate [91]. 
The majority of enzymes catalyzing the steps in these three phases have been 
cloned and characterized. These include ADS, CYP71AV1 (monooxygenase), 
Dbr2, and Red1, Fig. 4 [76,82,87,89,92,93].

Use of Biotechnology for Improved Production of Artemisinin

Due to the large number of individuals infected with P. falciparum in the world, 
artemisinin is in high demand. Unfortunately, it has low bioavailability (0.01–
0.8% dry weight) in A. annua, making it very expensive and difficult to obtain 
[74]. Thus, there have been many efforts to find methods which can be used 
to successfully increase the production of artemisinin and its derivatives in  
A. annua, and thereby decrease its cost. Some of the methods developed include: 
the manipulation of genes in the MVA pathway, environmental conditions and 
elicitors, partial synthesis via microorganisms, and total synthesis.

Because the majority of the IPP used in A. annua for artemisinin produc-
tion is a product of the MVA pathway, expression of the enzymes of this path-
way have been manipulated in order to increase artemisinin yield. HMG-CoA 
reductase (HMGR) is a key enzyme of the MVA pathway, which regulates 
the carbon flux through the artemisinin route, thereby limiting its production. 
A very recent experiment by Nafis et al., 2011, involved the overexpression 
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of this rate- limiting enzyme in A. annua, resulting in a significant increase 
in the overall artemisinin content of the transgenic A. annua plants [94]. 
The enzyme, FPPS, has also been successfully overexpressed in transgenic  
A. annua plants. Although FPPS is not a rate-limiting step of artemisinin syn-
thesis, its overexpression improved artemisinin production up to 2.5 times in 
transformed plants [95].

In A. annua, FPP serves as a common precursor to two distinct and com-
peting pathways, including steroid production and artemisinin synthesis. From 
FPP, steroid synthesis proceeds by the enzyme squalene synthase (SS), while 
artemisinin proceeds by ADS. When either of these enzymes is active, a sort 
of shunt is created, minimizing the carbon flux through the competing path-
way [96]. From this, it was postulated that if the SS enzyme were to be down-
regulated, carbon flux would be focused on the artemisinin pathway, ultimately 
increasing its yield [97]. In an experiment by Yang et al., 2008, transgenic 
A. annua plants expressing an antisense SS were developed. Although steroid 
production was impaired, artemisinin yield was not enhanced in these plants 
[96]. From this, Yang et al. suggested that the downregulation of SS narrowed 
the carbon flux through the squalene pathway, so that it could be redirected to 
other (unidentified) metabolic paths, but not necessarily artemisinin.

In a different experiment by Yang et al, 2010, it was shown that various 
environmental stress conditions can also have an effect on the regulation of 
artemisinin biosynthetic genes in A. annua. In many of the cases the stressors 
triggered upregulation of the biosynthetic genes. For example, exposure of the 
plant to UV light, which resulted in upregulation of ADS, ultimately resulted 
in greater artemisinin yield. Similarly, cold temperatures, which upregulated 
DXS expression, and hypoxia, which was seen to upregulate DBR2, were also 
found to improve artemisinin yields found in the senescent leaves of A. annua, 
as opposed to the younger leaves. This was due to the fact that the activities 
and levels of the enzymes affected by these environmental conditions, ADS and 
CYP71AV1 were higher in senescent leaves [98].

As an example of elicitors, one study used a phytohormone, salicylic acid 
(SA), which normally plays roles in plant growth and development, photo-
synthesis, defence, and transport within the vascular system. It was found to 
stimulate increased production of artemisinin in A. annua. The authors sug-
gested that this increased artemisinin production occurred due to the burst of 
reactive oxygen species in response to SA, which in turn induced the conver-
sion of DHA into artemisinin, as well as triggering an overall upregulation of 
many or all the genes of the artemisinin biosynthetic pathway [99]. In another 
example of elicitors, researchers used gibberellic acid (GA), a plant hormone 
which promotes plant germination and growth. It was in the study by Banyaii 
et al., 2011, that GA was seen to trigger upregulation of three key enzymes 
in the artemisinin biosynthetic pathway: FPS, ADS and CYP71AV1 (mono-
oxygenase). This ultimately resulted in a greater production of artemisinin by 
A. annua [100].
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One increasingly popular biotechnological approach to increase artemisinin 
availability while simultaneously decreasing its cost is the use of genetically 
modified microorganisms, coupled with partial chemical synthesis. Together 
these methods provide scalability and cost efficiency, especially since cer-
tain microbes, Saccharomyces cerevisiae, for example, produce much greater 
amounts of advanced stage artemisinin precursors than the source plant, A. annua 
[101]. Over the last decade, several experiments found success in genetically 
modifying S. cerevisiae and Escheria coli to carry out partial synthesis of arte-
misinin [102]. For example, Anthony et al., 2009, optimized the biosynthetic 
pathway of mevalonate-based isoprenoids. By increasing the promoter strength 
of mevalonate kinase and ADS, the researchers managed to produce AD in 
greater amounts, fivefold more, than what was originally possible for E. coli 
[103]. Once AD is produced it can be chemically converted to artemisinin in a 
relatively simple partial synthesis. In the case of S. cerevisiae, researchers have 
engineered a partial artemisinin biosynthetic pathway including AD and a new 
cytochrome P450 monooxygenase (CYP71AV1) which carries out a three step 
oxidation to yield ArtA. Furthermore, yeast export the ArtA product into their 
surrounding media, allowing for an inexpensive and easy purification system 
to retrieve the product of interest. As is the case with E. coli, from this point, 
partial synthesis could be employed to produce artemisinin [101].

The final method to be discussed is total synthesis of artemisinin, which 
usually begins with a stable and highly available monoterpene such as (R)-(+)-
citronellal, Fig. 5, as was done by Xu et al., 1986; or more recently, the monoter-
pene, (+)-isolimonene, Fig. 5, which was used by Yadav et al., 2003 [104,105]. 
The monoterpenes are subjected to a number of chemical alterations which were 
determined by retrosynthetic analysis of artemisinin. Though this technique has 
been successful, it has thus far proved to be the least commercially feasible 
since it is expensive and lengthy; sometimes the number of steps required to 
achieve a fully functional artemisinin compound are upwards of 10 [104].

In summary, there is a great potential for the mass production of artemisinin 
through plant and microbial biotechnology. However, a commercially viable 
system for the large-scale production of this compound has not yet been devel-
oped. To achieve this goal, all genes involved in artemisinin biosynthesis must 
be first cloned and characterized.
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FIGURE 5 Chemical structures of (R)-(+)-citronellal, left, and (+)-isolimonene, right; stable 
monoterpenes which are used as starting points for total synthesis of artemisinin.
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TAXOL (DITERPENE)

Taxol, commercially called Paclitaxel, is a natural diterpenoid product [106] 
which is found in the needles and bark of various members of the Taxaceae fam-
ily. Among these members are Taxus brevifolia, or Pacific Yew [36] and Taxus 
cuspidata, or Japanese Yew [37]. Taxol was structurally defined by Wani et al. 
in 1971. Its chemical formula is C47H51NO14 and it has a molar mass of 853 
[107], Fig. 6. Taxol is one of the most structurally complex of the approximately 
400 taxoid derivatives which have been identified to date [108]. This diterpene 
is composed of a terpenoid-derived core skeleton, which is highly modified by 
several hydroxylations and acylation reactions. Furthermore, two hydrolyzed 
esters are added onto allylic carbons 10 and 13 of the core molecule [107].

Biological Activities of Taxol

Taxus cuspidata, commonly known as the Japanese Yew, has been long used in 
China as an anti-diabetic, diuretic, and as an emmenagogue [37], but it is most 
well known for its use as a highly effective chemotherapeutic agent against 
advanced stage localized metastatic breast cancer [36]. Its mode of action 
involves its binding to the polymerized tubulin, and triggering microtubule 
assembly, thus inhibiting their depolymerisation, which would be needed for 
mitosis to occur [106]. In some cases, however, cancer cells being treated with 
paclitaxel can develop a resistance to the drug, and for that reason it is usually 
given in combination with other drugs (e.g., biricodar, Incel) that restore pacli-
taxel sensitivity [106]. Taxol is also effective against several other cancers such 
as ovarian cancer and leukemia [107,108].

FIGURE 6 Putative biosynthetic pathway of taxol (paclitaxel) in Taxus species.
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The precise role of taxol in Taxus species is not clear. From taxol’s anasto-
mosing network of biosynthetic pathways, having several routes by which taxol 
can be achieved, it can be postulated that perhaps it is not directly produced by 
the tree for any specific duty. Instead it may be that taxol is synthesized as a 
by-product, during the plant’s production of defence chemicals. This postulate 
was made based on observations that a plant’s defence response is upregulated 
in damaged cells. For example, in one study it was found that Taxol production 
was upregulated in Taxus chinensis cell cultures, where the cells were damaged 
by ultrasound treatment [109].

Biosynthesis of Taxol

As with all diterpenes, the IPP precursor for taxol biosynthesis is provided by 
the plastidial MEP pathway [37]. The parent prenyl diphosphate which goes on 
to produce taxol is GGPP, which is biosynthesized by the condensation of one 
DMAPP and three IPP isoprene units (as was described earlier). From this point 
there are various anastomosing pathways which can be followed, resulting in 
slightly different taxoid chemical species. In fact, there are approximately 400 
different taxoids which are produced by the Taxus species, though the taxoid 
species of medical interest is taxol (paclitaxel), and thus its biosynthesis will be 
the focus of this section [110].

Beginning with GGPP, an enzyme called taxadiene synthase (TS) catalyzes 
the cyclization of the prenyl diphosphate to taxa-4(5),11(12)-diene (taxadiene), 
Fig. 6 [37,111]. This marks the committed step of taxol biosynthesis [110]. Fol-
lowing this, are several hydroxylations, carried out by cytochrome P450-type 
enzymes [111], which occur at various carbon positions, for example, C1, C2, 
C5, C7, C9, C10, and C13 [112]. Following the hydroxylations there is a coen-
zyme A dependent acylation which yields a taxoid intermediate with an acetyl 
group on C5 [110,112]. This is an important step as this acetyl group will go on 
to become part of taxol’s characteristic oxetane ring, which is still being inves-
tigated for its potential role in taxol’s anti-cancer activity [113]. Along with 
oxetane formation, is C9 oxidation followed by the addition of a benzoyl group 
at C2, catalyzed by 2-benzoyltransferase. This yields the highly abundant taxol 
precursor, 10-deacetylbaccatin 3, Fig. 6 [110].

From this point, an enzyme called 10β-O-acetyltransferase carries out the 
conversion of a hydroxyl group at C10 to an acetyl group, resulting in the pro-
duction of another highly abundant late stage precursor, baccatin 3, Fig. 6 [110]. 
Due to the large number of routes which a taxoid can follow there are many dif-
ferent, but closely similar, 10-deacetylbaccatin three derivatives, approximately 
33, which serve as excellent late stage precursor compounds to be extracted for 
production of this valuable drug [114] (to be discussed later). In the final steps 
of taxol biosynthesis a 3-N-debenzoyl group is added onto the hydroxyl at C13 
by way of an enzyme, 3-N-debenzoyl-2-deoxytaxol-N-benzoyltransferase. The 
amino group on the C13 side chain is then benzoylated (termed N-benzoylation 
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in Fig. 6), and finally the second carbon on the side chain is hydroxylated, yield-
ing the highly desired product, taxol [110,115].

Use of Biotechnology for Improved Production of Taxol

The diterpene, Taxol was traditionally obtained by extraction from the needles 
and bark of the Taxus species (Yew trees) [116]. The amount of taxol that can 
be extracted from these source trees is very low, 1g per 30lbs of bark, while 
treatment of a cancer patient requires an average of 2g of taxol to be adminis-
tered [117]. In order to obtain enough taxol for treatment of one cancer patient, 
approximately 12 large T. brevifolia trees must be cut down [117]. This problem 
of limited natural taxol source gave rise to what has been termed “the Taxol 
Dilemma”. Recently, within the last couple of decades, there have been several 
routes taken in an effort to overcome this Taxol Dilemma. Those techniques 
include: cell culture, semi-synthesis, and biosynthesis in microorganisms.

In one example of biosynthesis in microorganisms, researchers have turned 
to taking advantage of a yew tree fungus, Taxomyces andreanae, a fungal endo-
phyte which grows in the bark of T. brevifolia and was discovered to produce 
taxol, although not in very significant amounts [118]. Later discovered was 
another fungal microbe, Pestalotiopsis microspora, which resides in the bark 
of the Himalayan Yew (Taxus wallachiana). It was found to produce a taxol 
compound which exhibited anti-cancer activity and accumulated in culture at a 
“micrograms per liter” level which was sufficiently significant for this fungus to 
be of use in fermentation technology [118]. Another microorganism which has 
been used to solve the Taxol Dilemma is S. cerevisiae, in an experiment which 
involved the combined overexpression of two taxol biosynthetic enzymes, 
including geranyl geranyl diphosphate synthase (GGPPS) and TS. Their results 
showed a significant increase, 50%, in taxadiene production by the yeast cells. 
From this late stage precursor the rest of the taxol synthetic pathway could be 
chemically completed [78], leading to the next method used to overcome the 
Taxol Dilemma, total synthesis.

Because total synthesis of taxol is such a costly and complicated proce-
dure, researchers have turned to semi-synthesis, beginning with extraction of 
advanced stage precursor compounds and then performing relatively minor 
chemical alterations on them to produce taxol [119]. One such example is that 
of the four step semi-synthesis, which begins with protection of the hydroxyl 
group at C7 of 10-deacetylbaccatin III (10-DABIII) by addition of the regi-
oselectively protecting agent, 1,1’-thiocarbonyldiimidazole [119]. This pro-
tection step was followed by acetylation of the protected 10-DABIII to yield 
7-(imidazolyl)-thiocarbonyl-baccatin III. Thirdly there was an esterification of 
the (2R,3S)-phenylisoserine side chain with 7-(imidazolyl)-thiocarbonyl-bacca-
tin III to produce the protected taxol, which upon removal of the protective agent 
via addition of p-toluenesulfonic acid and aqueous hydrochloride in methanol, 
yielded the final product of interest, taxol [118]. Using semi-synthesis such as 
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that recently described, eliminates the need to extract taxol from large numbers 
of Yew trees, and also the need to synthesize taxol completely de novo. Instead, 
advanced stage precursors, which are more readily available in the needles of 
various Taxus species, can be extracted and used for semi-synthesis. Extraction 
of late stage precursors is not only limited to Yew trees but they can also be 
obtained from Taxus cell cultures.

Plant cell cultures have been optimized for easy regeneration and induction 
of Taxol biosynthesis. There are several different elicitors which can be added 
to the cultures for enhanced taxol production and some of these include: methyl 
jasmonate, Cerium (Ce4+), chitosan, fungal carbohydrates, SA, and yeast extract 
[109,120,121]. One experiment found that the combined use of a mechanical 
stimulus, ultrasound, and methyl jasmonate elicitor resulted in 20–50% higher 
yields of taxol in T. chinensis cell suspension culture than when either of these 
treatments were used alone [109]. Another group of researchers saw a 16-fold 
increase in the production of taxol in a Taxus baccata suspension cell culture 
upon addition of biomass growth factors and elicitor mixtures including: methyl 
jasmonate, SA, and a fungal elicitor [121].

Together these biotechnological mechanisms have helped to overcome the 
problem of limited natural taxol source. However, as the demand for taxol con-
tinues to grow, the search for more efficient and more inexpensive taxol produc-
tion systems must also continue.

GINSENOSIDES (TRITERPENES)

Ginsenosides are members of a class of triterpenes known as saponins, which 
play primarily defence roles as anti-microbials, insecticidals, anti-fungals, and 
virucidals in plants [122]. Avencins are a good example of saponins which act 
as anti-microbials against Gaeumannomyces graminis, a soil dwelling pathogen 
that attacks the roots of oat plants [123].

Ginsenosides are the major bioactive molecules of the various Ginseng 
plants which belong to the Araliaceae family. Within these plants the ginsen-
osides are found to be localized to the roots [41,124,125]. Within this family 
are included Panax ginseng, Korean Ginseng [40], and Panax quinquefolius, 
American Ginseng, both of which are perennial herbs from the Araliaceae 
family [124]. Structurally, ginsenosides are tetracyclic triterpene (dammarane) 
glycosides with a C20 modified side chain. They are labelled ginsenoside Rx 
according to their polarity, which decreases from “Ra” to “Rh” [41]. Ginsen-
osides differ in the type and number of sugar moieties and the position at which 
these moieties are attached [41]. They are organized into various sub-classes 
according to their aglycone structures [124]. Two of the main groups include the 
dammarane and oleanane type ginsenosides [124], Fig. 7.

Ginseng is commercially available as white and red roots. Those roots which 
are steamed, dried, and unpeeled are referred to as the red roots, whereas those 
which are peeled and dried without steaming are called the white roots [41].
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Biological Activities of Ginsenosides

In general, ginseng extracts are considered adaptogenic agents that improve 
vitality, enhance resistance to stress and ageing, and increase physical 
performance [40]. Ginsenosides also have several specific medicinal uses 
including anti-diabetic, anti-hypertension, anti-cancer, anti-arthritic, and 
anti-platelet activities [41,42,43,126]. One experiment tested the effects of 
the total ginsenosides from P. ginseng on hyperglycemic induced mice. It 
was found that after oral administration of these total ginsenosides the blood 
glucose levels were dramatically decreased in the mice. These results showed 
promising evidence that ginsenosides could be of use in the treatment of 
diabetes patients [42]. Ginsenosides, such as ginsenoside Rh2 from P. gin-
seng, also have been shown to have anti-cancer properties, as they can inhibit 
cell cycle progression in cancer cells [126]. Certain ginsenosides have also 
been found effective against cancers which have developed multi-drug resis-
tance. Multi-drug resistance is caused by an ABC transporter (MDR1) which 
evicts therapeutic agents from cells, depriving them of treatment. The use 
of ginsenosides (specifically ginsenoside Rd from P. ginseng) increased the 
ubiquination of MDR1, leading to its degradation. This ultimately resulted 
in the retention of anti-cancer agents such as taxol within the breast cancer 
cells [126]. Therefore, it was concluded that ginsenoside Rd is effective for 
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use together with anti-cancer agents to downregulate multi-drug resistance in 
breast cancer cells [126].

Biosynthesis of Ginsenosides

Starting from FPP, the biosynthesis of ginsenosides begins with the condensation 
of two FPP molecules into squalene – a reaction catalyzed by SS, Fig. 8 – which 
is subsequently oxidized to 2,3-oxidosqualene by squalene epoxidase (SQE) 
[127]. This serves as the biosynthetic branch point for ginsenosides and phytos-
terols. The following cyclization reactions of 2,3-oxidosqualene ultimately yield 
the triterpene saponins [124,128]. Oxidosqualene is then cyclized to a variety of 
different cyclic derivatives. The type of cyclic skeleton that is formed depends 
on the type of cyclase that carries out the reaction [128]. Of the many cyclases 
which have been identified and characterized, the three main enzymes include 
dammarenediol synthase (DS) which forms dammarane type saponins, β-amyrin 
synthase (βAS), which gives rise to oleanane type saponins, and α-amyrin syn-
thase (αAS), which produces ursane type saponins [129], Fig. 8.

What lies downstream of the cyclization step remains largely unknown 
[124]. Although there is no concrete evidence as of yet, it has been proposed that 

FIGURE 8 Putative biosynthetic pathway of ginsenosides in Panax ginseng.
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certain CYP450 enzymes, UDP-glycosyltransferases, and other enzymes play 
key roles in many oxidations, hydroxylations, and glycosylations which result 
in the conversion of β-amyrin and dammarenediol into various ginsenosides 
[127,128]. Generally, during the biosynthesis of secondary metabolites the gly-
cosylation step is last [124]. The sugar side chain addition gives the resulting 
molecule greater stability and increased water solubility [130]; it is also usually 
responsible for giving many saponins their biological activity [128].

Use of Biotechnology for Improved Production of Ginsenosides

Due to the many medicinal uses of ginsenosides, the desire to elucidate their 
biosynthetic pathway and improve their yield by metabolic engineering has 
recently intensified. Farnesyl diphosphate synthase (FPPS) was recently identi-
fied as a key regulatory enzyme in both phytosterol and triterpene biosynthesis. 
In an experiment by Kim et al. in 2010, FPPS was overexpressed in the hairy 
roots of Centella asiatica. The upregulation of FPPS did increase the flux of 
carbon through that early step (GPP to FPP) and resulted in a greater triterpene 
saponin yield indicating that triterpene yield may indeed be enhanced through 
biotechnology [131].

In another experiment, the plant growth regulator, methyl jasmonate, was 
used to induce saponin production in plants overexpressing the SS gene [125]. 
Hormone treatment resulted in a subsequent increase in expression of two 
enzymes downstream of SS, including SQE and β-amyrin synthase (βAM). 
The results proved that enhanced SS activity could successfully yield greater 
ginsenoside and phytosterol products in P. ginseng roots treated with methyl 
jasmonates, confirming a vital role for SS as a regulatory enzyme for triterpene 
biosynthesis [125].

As illustrated in Fig. 8, the 2,3-oxidosqualene metabolite is a branch point 
between the phytosterol and saponin pathways. Cycloartenol synthase (CAS) 
is the enzyme responsible for conversion of OS to cycloartenol, the first spe-
cific precursor in the production of phytosterols. In the other branch, DS is 
the enzyme which directs OS down the saponin pathway [125]. As reported by 
Liang et al., 2009, the ginsenoside yield in P. ginseng hairy roots was enhanced 
by antisense suppression of the CAS gene. This CAS suppression resulted in 
upregulation of DS, which ultimately led to the greater ginsenoside production 
in P. ginseng [132]. Due to its medicinal applications and high cost, efforts to 
improve ginsenosides production in plants continue.

CAROTENOIDS (TETRATERPENES)

In nature there are approximately 700 members of the carotenoid family and 
of those about 20–50 are part of the human diet [133,134]. Carotenoids belong 
to the tetraterpenoid group of natural products with their general structure 
shown in Fig. 9 [133]. They have a conjugated double bond hydrocarbon 
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backbone [3] and can have either β- or ε-rings added to one or both ends of 
this polyene chain [133]. These include α- and β-carotene; the latter which 
has one β-ring on both the ends and the former which has one of each ring 
on either end. These carotenes can be further hydroxylated, yielding xantho-
phylls, which eventually give rise to the important plant growth regulators, 
such as ABA.

FIGURE 9 Biosynthetic pathway of the tetraterpene carotenoid, β-carotene in higher plants.
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Carotenoids are synthesized and accumulated in all plastids of higher plants 
[133]. They are also found as pigmentation molecules in various birds, crusta-
ceans, and fish, though they are not synthesized in those organisms but rather 
obtained from plant materials via diet [135]. Carotenes range in colours from 
pale yellow, ζ-carotene, to deep red, lycopene, and this colouration depends on 
the number of conjugated double bonds within the hydrocarbon backbone of the 
molecule. As the number of conjugated double bonds increases, the colour of 
the carotene darkens [136].

Beta-carotene belongs to a structural group of carotenoids which have 
unsubstituted β-ring end groups, giving these carotenes their provitamin A 
activity. Other carotenes within this provitamin A group include α-carotene 
and β-cryptoxanthin [134]. Due to the presence of two unsubstituted β-rings, 
β-carotene has two times the provitamin A activity as the other two carot-
enoids [134]. It is found in great abundance (48–84% of total carotenoids) in 
fruit-bearing plants like Mango, Mangifera indica, and roots such as Carrot 
Daucus carota, giving them their orange-yellow colouration [137]. Beta-
carotene is also found in certain orange root tubers such as sweet potato, 
Ipomoea batatas [138], and in the amyloplasts of starchy seeds such as those 
of Maize, Zea mays [133].

Biological Activities of Carotenoids (e.g., Beta-carotene)

The carotenoid compounds serve a wide array of biological functions in plants. 
One of the primary functions is as accessory pigments in the photosynthetic 
system [133]. They also protect membranes in the plant from photo-oxidative 
damage due to excess light energy by quenching triplet chlorophyll and singlet 
oxygen, and scavenging any other reactive oxygen species [139]. This quench-
ing and scavenging ability of carotenoids is due to their conjugated double bonds 
[140]. Carotenes are also precursors to certain odour molecules and hormones 
such as ABA [133], attractants for vectors of pollination and seed dispersal, and 
antioxidants [11].

In humans, carotenoids can prevent certain eye and cardiovascular diseases. 
Age-related macular degeneration is a condition which affects elderly people, 
progressively impairing their vision until blindness. It has been suggested that 
oxidative stress is the factor leading to development of this disease, and there-
fore carotenoids would be useful against progression of macular degeneration 
due to their antioxidant properties [47]. One experiment tested the antioxidant 
effects of a cocktail including various carotenoid compounds (among these was 
β-carotene), on elderly persons with early and late stages of macular degenera-
tion. The results showed that increased (added via diet) serum concentrations 
of the carotenoid mixture led to a decrease in the prevalence of late age-related 
macular degeneration [47]. Beta-carotene can also provide protection against 
UV irradiation, when used in conjunction with other carotenoids such as 
tocopherol, Table 1, and are used in orally administered sun protectants [11].
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Another group of carotene-related compounds – the fat soluble molecules, 
tocopherols (Vitamin E) – also exhibit potent antioxidant activities [45]. There 
are different forms of tocopherols, with the most biologically active being 
α-tocopherol. Vitamin E is able to lower blood pressure levels in people with 
mild hypertension after regular use over a prolonged period. The mechanism by 
which this occurs has been suggested to be the neutralization of superoxides by 
the antioxidants [46].

Another group of carotenes have vitamin A activity, and are essential for 
human health. Vitamin A deficiency is a very large problem in certain develop-
ing areas of the world due to poor diet. In cases of severe vitamin A deficiency, 
inflicted persons can develop xerophthalmia which usually results in blindness, 
or they can die. Beta-carotene is enzymatically cleaved in the intestinal lumen 
to produce two molecules of vitamin A. With this knowledge, β-carotene is used 
as a supplement to treat vitamin A deficiency [134,141].

Biosynthesis of Carotenoids (e.g., Beta-carotene)

Carotenoid biosynthesis is carried out in all plastid types, and so they are found 
in all tissues of all higher plants, albeit at greatly varied concentrations [133]. 
In the plastids, a short chain prenyl transferase, GGPPS, catalyzes the conden-
sation of three IPP molecules with DMAPP to produce the first parent precur-
sor giving rise to both the di- and tetraterpene molecules, GGPP [9]. The key 
regulatory step of carotene biosynthesis involves the condensation of two GGPP 
molecules by phytoene synthase (PS) [135] to produce the colourless 40-carbon 
compound, 15-cis-phytoene, Fig. 9. PS is responsible for controlling the flow 
of carbon through the carotenoid biosynthetic pathway [136]. Four desaturation 
reactions, introducing two symmetric double bonds, are mediated by phytoene 
desaturase (PD) and ζ-carotene desaturase (CD) which converts phytoene to the 
red pigment, tetra-cis-lycopene. Cyclases prefer an all-trans substrate, there-
fore a carotenoid isomerase, CRTISO, catalyzes the isomerisation of tetra-cis-
lycopene to all-trans-lycopene [142]. The following cyclization step is a branch 
point where lycopene [133] gives rise to the orange and yellow pigments by 
being either cyclized to α-carotene or β-carotene [134]. There are two cyclase 
enzymes which carry out either branch, ε- and/or β-cyclase [134]. In the path-
way to β-carotene, only the β-cyclase is involved, mediating the addition of a 
β-ring onto either end of the lycopene molecule. In the pathway to α-carotene, it 
is both the β- and ε-cyclases which catalyze the addition of a ε-ring at one end, 
and a β-ring at the other end of lycopene [133].

Use of Biotechnology for Improved Production of Carotenoids: 
The Case of Provitamin A

Due to the recent growth of the vitamin A deficiency problem in developing 
countries, there is ample interest in increasing the production of provitamin 
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A (β-carotene), in a cost efficient manner. Described below, are some genetic 
engineering and agricultural techniques which have been employed to achieve 
this. One example of genetic manipulation involved the overexpression of PS in 
canola, Brassica napus, leading to 50 times greater carotenoid production in the 
oilseeds of this plant [136].

In another experiment the entire biosynthetic pathway of β-carotene was 
introduced into rice, Oryza sativa. This was done by coupling the overexpres-
sion of PS from daffodil, Narcissus pseudonarcissus, with that of the bacterial 
crtI gene, and the lycopene β-cyclase gene. The crtI gene is responsible for 
mediating the four desaturation reactions during the conversion of the colour-
less phytoene to red lycopene in bacteria. It was found that together, overexpres-
sion of these enzymes yielded greater production of β-carotene in this strain of 
rice, which came to be known as Golden Rice [143]. There was later a strain 
developed called Golden Rice 2, which was an improved version of the original 
Golden Rice. This improvement was achieved by introducing a PS gene from 
Maize, rather than from daffodil, as was the case with the original Golden Rice. 
These genetic manipulations resulted in a 23-fold increase in production of total 
carotenes, specifically β-carotene, than that found in the original Golden Rice 
plants [144].

Not only can production of carotenoids be improved in plants by way of 
genetic engineering; other simpler methods have been employed. In the case of 
an experiment by Rivas et al., 2011, the carotenoid content, including β-carotene, 
in the leaves of Citrus trees (Citrus) were increased in response to girdling. Gir-
dling is an agricultural technique commonly practised to increase the accumula-
tion of sugars and carotenoids in fruit. Because girdling causes oxidative stress 
in the plant, certain protective antioxidant compounds, in this case, carotenoids, 
are upregulated to protect the tree from oxidative damage [140].

Though practises such as girdling are simpler and cheaper techniques by 
which to increase carotenoid production in plants, biotechnological methods 
such as upregulation of certain key enzymes have yielded far better results, and 
thus, efforts shall continue in the search to develop the most efficient genetic 
manipulations, producing the greatest carotenoid content at the lowest cost 
possible.
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ABBREVIATIONS

ABA abscisic acid
ACoA acetyl CoA
AACT acetyl CoA-c-transferase
AD amorpha-4,11-diene
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ADS amorpha-4,11-diene synthase
AutoOx auto-oxidation
αAm α-amyrin
αAS α-amyrin synthase
βAm β-amyrin
βAS β-amyrin synthase
ArtA artemisinic acid
ArtAlc artemisinic alcohol
ArtAld artemisinic aldehyde
CD ζ-carotene desaturase
CRTISO carotenoid isomerase
COH cycloartenol
CAS cycloartenol synthase
DOH dammarenediol
DS dammarenediol synthase
DHA dihydroartemisinic acid
DHAlc dihydroartemisinic alcohol
DHAld dihydroartemisinic aldehyde
DMAPP dimethyl allyl diphosphate
CDP-ME 4-diphosphocytidylyl-methylerythritol
CMK CDP-ME kinase
CDP-MEP 4-diphosphocytidylyl-methylerythritol-2-phosphate
DXP deoxyxylulose-5-phosphate
Dbr2 double bond reductase 2
DXR DXP reductoisomerase
DXS DXP synthase
FPP farnesyl diphosphate
FPPS farnesyl diphosphate synthase
GPP geranyl diphosphate
GPPS geranyl diphosphate synthase
GGPP geranyl geranyl diphosphate
GGPPS geranyl geranyl diphosphate synthase
Glc glucose
G3P glyceraldehyde-3-phosphate
HPAld hydroperoxyl-aldehyde
HMBPP hydroxymethylbutenyl-4-diphosphate
HDR HMBPP reductase
HDS HMBPP synthase
HMG-CoA 3-hydroxy-3-methylglutaryl-CoA
HMGS 3-hydroxy-3-methylglutaryl-CoA synthase
HMGR HMG-CoA reductase
Hock hock cleavage
IPD (−)-trans-isopiperitenol dehydrogenase
IPI (+)-cis-isopulegone isomerase
IPP isopentyl diphosphate
IPPI isopentyl diphosphate isomerase
IPR (−)-isopiperitenone reductase
L3H limonene-3-hydroxylase
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LS limonene synthase
MFS menthofuran synthase
MR (−)-menthone reductase
ME-cPP methylerythritol-2,4-cyclodiphosphate
MDS ME-cPP synthase
MEP methyerythritol-4-phosphate
MCT MEP cytidylyltransferase
MVA mevalonate
MDC mevalonate-5-diphosphate decarboxylase
MK mevalonate kinase
MDR1 multi-drug resistance 1
OS 2,3-Oxidosqualene
PMK phosphomevalonate kinase
PD phytoene desaturase
PS phytoene synthase
PGP-HSF plant growth promoter-hyaline sterile fungus
PDR pleiotropic drug resistance
PR pulegone reductase
α/β-Phe α/β-phenylalanine
Rha rhamnopyranose
SQ squalene
SQS squalene synthase
SQE squalene epoxidase
TAHP allylic tertiary hydroperoxide intermediate
TRPM8 transient receptor potential cation channel subfamily M member 8
TS taxadiene synthase
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Chapter 6

Trypanocidal Monoterpenes: 
Lead Compounds to Design 
Future Trypanocidal Drugs

INTRODUCTION

The protozoa Trypanosoma is responsible for two distinct diseases in humans. 
Trypanosoma cruzi causes American trypanosomiasis, also known as Chagas 
disease (in tropical Americas) and Trypanosoma brucei causes Human African 
trypanosomiasis, also known as sleeping sickness (in Africa). Chagas disease 
is caused by T. cruzi which is transmitted to humans via blood-sucking insects 
(vectors), named triatomine bugs.

Among the Americas, there are about 20 million infected people from 
Southern California to Argentina and Chile, most of them do not know they 
are infected. Infection is life-long without treatment. Chagas disease has an 
acute phase and a chronic latent stage that may result in heart or gastrointestinal 
disease. Indeterminate stage of Chagas disease follows the acute phase, when 
the infection remains silent for decades or life. These people are still infected 
with T. cruzi and are capable of transmitting it to others. Approximately 30% 
of infected people will develop chronic symptoms after a latency period of 
10–30 years.

In people who have immunodeficiency (due to cancer, AIDS or chemother-
apy), Chagas disease can reactivate. Chagasic cardiac disease is a result of per-
sistent parasite presence in the heart which can cause abnormal heart rhythms 
and cardiomyopathy with symptoms of palpitations, syncope, heart failure, or 
sudden death. Gastrointestinal complications consist of enlarged oesophagus or 
colon [1,2].

Human African trypanosomiasis, well known as sleeping sickness, is a para-
sitic disease transmitted by the bite of the ‘Glossina’ insect, commonly known 
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as the tsetse fly. There are two types of African trypanosomiasis, named for 
the regions in Africa in which they are found: East African trypanosomiasis 
and West African trypanosomiasis. East African trypanosomiasis is caused 
by the parasite T. b. rhodesiense. West African trypanosomiasis is caused by 
T.  b.  gambiense. The parasites are spread by tsetse flies, found only in Africa. 
Infection can rarely be communicated by blood transfusion or organ transplant. 
Exposure can occur at any time. People obtain the disorder from the bite of an 
infected tsetse fly. In rare cases, an infected pregnant woman can pass the infec-
tion to her baby. The disease affects mostly poor populations living in remote 
rural areas of Africa. If the illness remains untreated, it might be fatal. Travel-
lers are another group at risk especially if they venture through regions where 
the insect is common. Usually, the disease is not found in urban areas, although 
some cases have been reported in suburban areas of Kinshasa, capital of the 
Democratic Republic of Congo and Luanda, the capital city of Angola [3].

In 1995, WHO (the World Health Organization) Expert Committee estimated 
that 60 million people were at risk with an estimated 300,000 new cases per year 
in Africa, with fewer than 30,000 cases diagnosed and treated. In 2009, the 
number of new reported cases fell down and WHO considered that it was due to 
increased control. So far, very little progress has been made in the development 
of new drugs against this disease. Most drugs, still in use, were developed one 
or more decades ago, and they are generally toxic and of limited effectiveness. 
The most recently introduced compound, eflornithine, is only useful against 
sleeping sickness caused by T. b. gambiense, and is prohibitively expensive for 
the African developing countries [4].

Treatments

In the early stage of Chagas disease, most anti-parasitic drugs are effective 
however acute Chagas disease often goes undetected. Anti-chagastic agents, 
nifurtimox or benznidazole, are currently recommended. All patients with 
acute Chagas disease, children with indeterminate-phase and those with reac-
tivated infection should receive treatment. It has to be considered that anti- 
parasitic medications have significant side effects and offer no benefits in 
patients with established cardiac or gastrointestinal complications of chronic 
Chagas disease. Unfortunately, these drugs are only active against the acute 
phase of disease and present strong side effects. Also there are some prob-
lems with drugs in terms of long period of treatment, toxicity and even cost in 
endemic regions [5,6].

It is important to begin treatment as soon as possible in African trypanoso-
miasis. The type of drug treatment depends on the type and stage of African try-
panosomiasis. Combination therapy may be more effective than monotherapy 
for the treatment of late-stage T. b. gambiense trypanosomiasis. Adverse effects 
are more common in patients who received eflornithine monotherapy. How-
ever, the nifurtimox–eflornithine combination is a promising regimen for use 
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in late-stage T. b. gambiense trypanosomiasis. Anti-parasitic agents are usually 
used via intra-venus injection (IV) in early stage of African trypanosomiasis. 
Suramin is a polysulfonated naphthylamine derivative of urea and a trypanocidal 
agent which works by inhibiting parasitic enzymes and growth factors [7]. Tri-
valent arsenical (Melarsoprol) used in the late or CNS stage of African trypano-
somiasis is trypanocidal via inhibiting parasitic glycolysis. Unfortunately, it can 
be toxic and even fatal in 4–6% of the cases. Eflornithine is generally better tol-
erated and it is less toxic than arsenic drugs and available via the World Health 
Organization. Pentamidine isethionate is usually used for early (or stage 1)  
African trypanosomiasis and administered via IV (intravenous). This compound 
is strongly bounded to tissues, including spleen, liver, and kidney. It does not 
effectively penetrate the blood–brain barrier and, therefore, it is not used to treat 
CNS infection [8–10]. These reasons give a priority to discover new trypanoci-
dal compounds.

Prevention

There are currently no vaccines available for treatment of trypanosomiasis. 
The development of an effective prophylactic vaccine faces many challenges. 
Research investigations in animal and human patients have revealed many 
aspects of the pathogenic mechanism of disease and targets of protective immu-
nization. Various antigens, vehicles and adjuvants have been detected in animal 
models, and sometimes the efforts have been successful [11,12].

Cruzipain is one of the most important metabolites of the T. cruzi that has 
been widely studied in the recent decades. It is involved in parasite metabolism 
and identified as an important candidate for vaccine development and also try-
panocidal drug design. This enzyme is a sulphated glycoprotein [13].

Natural Resources for Drug Discovery

Medicinal plants provided a broad range of effective components against para-
sites. There are many reports about the screening of herbal extracts and aromas 
against T. cruzi, the etiological agent of Chagas disease, and other strains. In the 
first stage, plant extracts have to be evaluated against epimastigotes of Trypao-
soma sp., then on the bloodstream forms of the parasite (trypomastigotes), and 
finally by in vivo experiments, using animal model systems [14–16].

It is known from the literature that secondary plant metabolites have exhib-
ited anti-trypanocidal activity. Most of the important compounds belong to fla-
vonoids (catechin, epicatechin, gallocatechin, epigallocatechin and apigenin), 
chalcones, xanthones, dibenzofuranones, anthraquinones, aporphine alkaloids 
(actinodaphnine, cassythine and dicentrine), triterpenes (ursolic acid, oleano-
lic acid, colosolic acid), diterpenes (komaroviquinone and dracocephalone A),  
sesquiterpenes (zaluzanin D, dehydrocostus lactone and neurolenin B) and 
finally monoterpenes [17–21]. Although, various natural products have been 
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introduced as trypanocidal compounds, there is limited information about the 
mechanisms of action and further researches are required.

Monoterpenes

This group of compounds is widespread in plants, from algae to monocots 
and dicots, also found in fungi. Some are encountered in bacteria, but they 
are usually not accumulated in bacteria. They often produce the intense odour 
and one commonly present among essential oil components. They are usu-
ally accumulated in epithelial cells and living cavities in the plants and their 
production is associated with plastids in plant cells. They are rarely accumu-
lated in tissue cultures and mostly synthesized in higher plants from the deoxy 
xylulose phosphate (DOXP) pathway. Geranyl pyrophosphate or diphosphate 
(GPP) is the key intermediate in the synthesis of most monoterpenes. In 
higher plants, the five-carbon building blocks of all terpenoids, isopentenyl 
diphosphate (IPP) and dimethylallyl diphosphate (DMAP), are derived from 
two independent pathways localized in different cellular compartments. The 
methyl erythritol phosphate (MEP or nonmevalonate) pathway, localized in 
the plastids, is thought to provide IPP and DMAP for hemiterpene, monoter-
pene, and diterpene biosynthesis, whereas the cytosol-localized mevalonate 
pathway provides C5 units for sesquiterpene biosynthesis. Incorporation of 
glycosides into monoterpenes occurs more readily than for usual monoter-
penes. These glycosides work better for biosynthetic studies. So far, at least 
1000 monoterpenes are known. They belong to more than 38 major structural 
types [22–24].

The first acyclic monoterpene to be formed is geraniol and others (includ-
ing linalool, nerol, and citronellol) are produced from it via enzymatic conver-
sion. Many common monocyclic monoterpenes can be formally derived from 
α-terpineol as a key intermediate, and it is likely that limonene, terpinolene 
and 1,8-cineole are derived from it. Monoterpenoids often has strong smell and 
colourless oily appearance with boiling point around 140–180°C, although a 
few (such as camphor) are crystalline. They are usually isolated and identified 
by gas chromatography/mass spectroscopy. Also thin layer chromatography is a 
simple way for primary detection [25].

Monoterpenes are effective on expression of Ras (belongs to a large fam-
ily of proteins known as low-molecular weight G-proteins and promotes cell 
division when a growth factor is present on the cell surface) and Ras-related 
proteins, which play key roles in signal transduction pathways and are known to 
regulate diverse cellular functions, in the absence and presence of mevalonate 
depletion. The ability of monoterpenes to regulate the expression of the Ras-
related proteins was found to be independent of effects on cell proliferation 
and total cellular protein synthesis or degradation [26]. Many monoterpenes 
have been described as potent inhibitors of seed germination and growth of sev-
eral plant species. Geraniol and carvone significantly inhibited the germination 
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of garden cress, at the highest concentration tested [27]. Several halogenated 
monoterpenes, isolated from the red alga Plocamium cartilagineum, have been 
reported to show cytotoxic effects against colon and cervical adenocarcinoma 
cells [28]. Literature also shows that monoterpenes are emitted by forests and 
form aerosols that can serve as cloud condensation nuclei (CCN) and increase 
the brightness of clouds then cool the climate [29].

Besides many biological activities of monoterpenes, they have also been 
reported to be the potent trypanocidal compounds in some in vitro and in vivo 
systems. Therefore, in this review we focussed on the trypanocidal activity of 
various types of monoterpenes which might be a guide to find the lead com-
pounds and finally active drugs in treatment of both American and African 
trypanosomiasis. A review on the related literature revealed that monoterpenes 
would appear to act through multiple mechanisms in the chemotherapy of try-
panosomiasis. While, there is no report about the classification of the active 
monoterpenes (in relation to their activity) against various Trypanosoma inter-
mediates such as epimastigotes, trypomastigotes or amastigotes. Occasionally, 
this classification was not related to monoterpene skeleton types which have 
been often explained in the phytochemical papers and books. In these cases, we 
had to divide them according to their main functional groups such as monoter-
pene hydroperoxides.

Trypanocidal Assay Approaches

Chemotherapy against human trypanosomiasis relies on limited number of 
drugs that might cause severe side effects. Because trypanosomiasis is a disease 
of poor people especially in Latin America and Africa, the traditional pathways 
to drug development are not available. ATP-bioluminescence assay could be 
used to rapidly and efficiently screen compound libraries against trypanosomes 
in a high throughput-screening format [30]. Most of the papers reported the 
screening of plant extracts and fractions via in vitro assay against epimastigotes 
or trypomastigote forms of T. cruzi [31,32]. In order to do drug screening for 
this neglected disease, recently a validated cell-based and high throughput assay 
is reported, which simultaneously measures efficacy against the intracellular 
amastigote stage and toxicity to the host cells [33].

The recent modern approaches for target-directed drug discovery include the 
identification of suitable enzymes involving in metabolic pathways of T. cruzi, 
which can be the target in the development of novel drugs with higher effi-
cacy and lower toxicity. The bloodstream form of T. cruzi has no functional 
tricarboxylic acid cycle, and is highly dependent on glycolysis for ATP produc-
tion. The glycolytic enzymes are attractive targets for trypanocidal drug design 
because T. cruzi shows a great dependence on glycolysis as a source of energy. 
One of these proteins, glycossomal glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH), catalyzes the oxidative phosphorylation of glyceraldehyde-3- 
phosphate (GAP) to 1,3-bisphosphoglycerate (BPG) [34].
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Trypanocidal Monoterpenes

Limonene Derivatives
Limonene (1) is an important monoterpene and a major compound of the 
volatile oils of Citrus plants, available in both enantiomeric forms: (+)-R- and 
(−)-S-limonene, Fig. 1. Limonene is a building block for the organic synthe-
sis of several compounds as well as a chiral auxiliary in asymmetric syntheses 
[35,36]. Literature shows that essential oils consisting limonene can present 
antimicrobial, anti-fungal, antimalarial and anti-tumoral activities [37].

Monoterpenes are widely distributed in nature and could be the suitable 
precursor substrates for production of valuable natural fragrance compounds. 
Among various monoterpenes, limonene as a substrate of microbial transfor-
mation or chemical semi synthesis has been a source of many oxy functional 
derivatives. (R)-(+)-Limonene can be obtained from citrus peel oil in annual 
amounts of up to 50 million kg as a byproduct. Therefore, limonene is a cheap 
and simply available starting material to transform into other valuable flavour 
compounds. Graebin et al. (2010) have recently reported the evaluation of 
some semisynthetic limonene derivatives against in vitro cultures of T. cruzi 
epimastigotes (Tulahuen 2 strain) [37]. Their results showed that, compounds 2 
(IC50 = 19.2µM) and 2′ (IC50 = 29.5µM) were effective against T. cruzi compared 
with nifurtimox (3) as a positive control (IC50 = 7.7µM). In a structural point of 
view, chemical changes in the parent compound limonene (IC50 > 50µM) were 
conducted by active compound (2), Fig. 1.

1: limonene 2: R1, R2 = piperazine
2': R1 = phenyl, R2 =H

OHC

4: limonene -10-al

N
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3: nifurtimox

FIGURE 1 Structures of the trypanocidal limonene derivatives and nifurtimox.
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The isolation and trypanocidal investigation of limonene-10-al (4) a 
 monoterpene aldehyde, from the ethyl acetate fraction and the essential oil 
of Dracocephalum kotschyi and Dracocephalum subcapitatum has been 
previously reported, Fig. 1 [17,38,39]. This aldehyde indicated a potent 
activity (MLC = 3.1µM). Other alcoholic metabolites of limonene, such as 
p-mentha-8-en-1, 2-diol, limonene-10-ol and its glucosides (Limonen-10-ol 
10-O-β-d-glucopyranoside, Limonen-10-ol 10-O-β-d-glucopyranosyl-β-d-
glucopyranoside), did not show trypanocidal activity even at 400µM [38].

Linear Monoterpenes
It is reported that the monoterpene aldehyde, geranial (5) and neral (6),  isolated 
from ethyl acetate extracts of D. kotschyi and D. subcapitatum as well as Try-
panocidal activities (determined as MLC, minimum lethal concentrations) 
of the isolated both geranial and neral against epimastigotes of T. cruzi were 
reported as 3.1µM [38].

It is reported that the presence of geranial and neral, as a well-known mix-
ture named citral, could be responsible for activity of the essential oil of Nepeta 
cataria against T. cruzi [40]. Although geranial and neral (the aldehydes) were 
reported as effective agents against T. cruzi, their relative alcohols, geraniol 
(7) and nerol (8), have been evaluated against T. brucei brucei bloodstream 
forms and geraniol reported as a weakly active compound (IC50 = 95µM) while, 
nerol was inactive, Fig. 2 [41]. The compound, geranyl acetone (9) proved to 
have an IC50 towards the T. brucei to 50µM. The IC50 value of compound 9 
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FIGURE 2 Structures of the trypanocidal linear monoterpenes.
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obtained on mammalian cells was superior to 500µM which had selectivity indi-
ces superior to 19.

There are few reports around another trypanocidal linear monoterpene, lin-
alool (10), but it showed no considerable activity. We discuss more about that 
under miscellaneous monoterpenes.

Para-cymene Derivatives
In 1991, Hocquemiller et al. reported the in vitro trypanocidal evaluation 
(against 20 strains of T. cruzi) of four aromatic monoterpenes, O-methyl car-
vacrol (11), thymoquinol methyl ether (12), espintanol (13) and O-methyl 
espintanol (14), Fig. 3, isolated from the petroleum ether fraction of Oxandra 
espintana (Annonaceae). Among them only espintanol indicated the trypanoci-
dal activity (IC90 = 25µM). The values for other monoterpenes were higher than 
100(µg/ml) [42].

In 2007, we reported the isolation of thymol (15) and carvacrol (16), Fig. 3, 
two phenolic monoterpenes, from the essential oil of Satureja macrantha. 
These compounds were tested biologically against the epimastigotes of T. cruzi 
and represented a moderate activity [43]. These simple volatile components 
have been previously reported for their antibacterial synergism [44]. Recently, 
biological activities of thymol and carvacrol have been tested against free and 
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FIGURE 3 Structures of the trypanocidal p-cymene derivatives.
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intracellular forms of T. cruzi parasites as well as Vero and THP-1 mammalian 
cell lines [45]. In the T. cruzi as says, thymol and carvacrol were active against 
epimastigotes. Thymol (IC50 = 3.6, IC90 > 30µM, SI (Selectivity Index) = 11.8) 
was active on intracellular amastigotes of T. cruzi infected Vero cells. Thymol 
is the main constituent of the essential oils of many Lippia spp., originated 
from Colombia. Carvacrol (IC50 = 27.3µM, SI = 11.8) was moderately effective 
against amastigote forms. In this assay, p-cymene itself, found in the essential 
oils of Lippia spp., was reported to be weakly active against epimastigotes of 
T. cruzi (IC50 = 28µM, SI = 4.1) but not against amastigote forms (IC50 = 190µM, 
SI = 0.6).

Monoterpene Hydroperoxides
Kiuchi et al., in 2002, reported the isolation of four monoterpene hydroperox-
ides, (−)-(2S,4S) (17) and (−)-(2R,4S)-p-mentha-1(7),8-dien-2-hydroperoxides 
(18) and (−)-(1R,4S) (19) and (−)-(1S,4S)-p-mentha-2,8-dien-1-hydroperoxides 
(20) along with ascaridol (21), Fig. 4, from the ethyl acetate extract of the fresh 
aerial parts of Chenopodium ambrosioides (Chenopodiaceae).

The hydroperoxides showed stronger trypanocidal activity (MLCs = 1.2, 1.6, 
3.1 and 0.8µg/ml, respectively) than ascaridol (MLC = 23µg/ml). These com-
pounds were also tested with the HeLa cell infection assay and were effective 
at 10µg/ml bloodstream forms. At 1µg/ml, the latest hydroperoxide completely 
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FIGURE 4 Structures of the trypanocidal monoterpene hydroperoxides.
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inhibited the infection of HeLa cells by the trypomastigotes but they did not 
inhibit the proliferation of amastigotes in the infected cells. The p-menthane 
alcohols, detected in the essential oil of this plant, because of hydroperoxides 
degradation during steam distillation, did not show trypanocidal activity even in 
higher concentrations (>400µg/ml) [46,47].

Another monoterpene hydroperoxide (1R,4S)-1-hydroepoxy-p-menth-2-en-
8-ol acetate (22) has been isolated from Laurus nobilis (Lauraceae) and showed 
trypanocidal activity against epimastigotes of T. cruzi (MLC = 1.4µM). It is 
reported that this compound, Fig. 4, could inhibit the infection of trypomastigotes 
to Hela cells (98%) and also proliferation of amastigotes in Hela cells (83%) [48].

Pinenes and p-Menthans
Mikus et al. (2000) reported the toxicity effect of the essential oils of Melissa 
officinalis, Thymus vulgaris and Melaleuca alternifolia to bloodstream forms of 
T. brucei more than to human HL-60 cells [49]. Also they evaluated the toxic-
ity of eight terpenes which were detected in those essential oils. Among the 
tested compounds, the ED50 against T. brucei for α- (23) and β-pinenes (24), 
sabinene (25), terpinen-4-ol (26) and terpinolene (27) were 4.1, 54.8, 17.7, 0.02 
and 31.0 (µM) respectively, Fig. 5. Therefore, terpinen-4-ol showed a potent 
anti-trypanosoma effect and its selectivity index (ratio of cytotoxicity on human 
HL-60/anti-trypanosomal activity) was 1025, comparable with commercially 
available drugs such as suramin (28), Fig. 6.

Other Monoterpenes
Trypanocidal activity of Syzygium aromaticum, Ocimum basilicum and Achil-
lea millefolium essential oils and some of their constituents, eugenol (29) and 
linalool (10) was reported by Santoro et al. [50], on T. cruzi epimastigote and 
bloodstream trypomastigote forms, Fig. 7. Their investigation showed that the 
values obtained for epimastigotes treated with eugenol and linalool were 246 
and 162.5mM, respectively, while treatment of bloodstream trypomastigotes 
resulted in IC50 (24h) values of 76 and 264 (mM) for eugenol and linalool, 
respectively [50].

23: α-pinene 24: β-pinene 25: sabinene

OH

26: terpinen-4-ol 27: terpinolene

FIGURE 5 Structures of the trypanocidal monoterpenes belonging to pinene and p-menthan 
skeletons.
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Eugenol is a phenyl propanoid and the main constituent of S. aromaticum 
essential oil, and it is also an important chemical constituent of essential oils 
from many aromatic plants, such as Dicipelium cariophyllatum, Pimenta dio-
ica, Croton zehntneri var. eugenoliferum, and C. zehntneri [51]. Linalool is an 
alcoholic monoterpene and the main component of O. basilicum oil (46.97%). 
It has been shown that linalool-rich essential oils extracted from several plants 
have antimicrobial properties but because of the little effect of linalool alone on 
T. cruzi, this monoterpene did not candidate for further investigation [52].

Piquerol A (30), a monoterpene, has been isolated from Piquera trinervia 
Cav., Fig. 7, and found to be a biologically active substance in several in vitro 
studies. Piquerol A consists of tetra-substituted cyclohexene ring which possesses 
three non-conjugated double bonds. Bioassay with epimastigotes of T. cruzi 
showed the in vitro trypanosomal activity of piquerol A, which was related to its 
concentration. This compound arrested the growth of epimastigotes of T. cruzi 
at the concentration of more than 200(µg/ml) which is similar to the reported 
 concentration of ofloxacin, a patented 4-quinolonecarboxylic acid derivative 
[53]. There is no report about the trypanocidal activity of piquerol B, the stereo-
isomer of piquerol A, against T. cruzi or T. brucei. However, both of them have 
been reported to indicate acaricidal activity on Boophilus microplus [54].

Nibret et al. (2010) reported the chemical compositions, trypanocidal, and 
cytotoxic activities of the essential oils extracted from three Ethiopian medici-
nal plants, Hagenia abyssinica (Rosaceae), Leonotis ocymifolia (Lamiaceae), 
and Moringa stenopetala (Moringaceae). The trypanocidal activity against 
T. brucei and antileukaemic (HL-60) effects of the three essential oils was 
studied. Citronellal (31), a linear monoterpene aldehyde, was evaluated against 
T. brucei and showed a moderate activity (IC50 = 13.5µg/ml) but it also showed 
cytotoxicity on human cells and was not a good candidate for more investiga-
tions (SI = 10.5) [55].

The oil of M. stenopetala seeds and its main compound, benzyl isothio-
cyanate (32) showed the most potent trypanocidal activities (IC50, 5.03µg/ml 
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and 1.20µg/ml, respectively). Twenty-eight compounds of the essential oils 
were also studied for their structure–activity relationships using trypano-
somes and human leukaemia cells. Cinnamaldehyde (IC50 = 2.93µg/ml) (33), 
1,8-cineole (IC50 = 83.15µg/ml) (34), safrole (IC50 = 18.40µg/ml) (35), car-
vone (IC50 = 12.94µg/ml) (36), styrene oxide (IC50 = 3.76µg/ml) (37), carvacrol 
(IC50 = 11.25µg/ml) (16) together with some sesquiterpenes showed the most 
potent trypanocidal activities. Among the components tested, 34 and 36 are 
monoterpenes and others are the simple volatile constituents especially belong-
ing to phenyl propanoids (compounds, 29, 33, 35 and 37) and consisting of 
isothiocyanate, carboxylic acid and epoxide functional groups. The compounds, 
carvone (SI = 17.46) and styrene oxide (SI = 19.92) showed good selective indi-
ces for the parasite with minimal toxicity on the human leukaemia cells. These 
compounds could therefore serve as lead structures for the development of try-
panocidal agents with higher potency, Fig. 7 [55].

STRUCTURE–ACTIVITY RELATIONSHIPS FOR TRYPANOCIDAL 
MONOTERPENES

A literature review revealed that secondary metabolites with aldehyde func-
tional group usually showed the most potent trypanocidal activity against both 
T. cruzi and T. brucei. These are not only from monoterpene compounds but 
also from other volatile compound classes which were studied for their struc-
ture–activity relationships. Among the aldehydes, limonene-10-al (4), geanial 
(5) and neral (6) showed the best trypanocidal activity against T. cruzi and 
cinnamaldehyde (33) was the best against T. brucei followed by citronellal 
(31) and myrtenal (38). All of them except citronellal have a C–C double bond 
conjugated with the carbonyl group, which is well known as α,β-unsaturated 
aldehydes. An additional aromatic group further makes cinnamaldehyde the 
most active compound from others [55]. Unfortunately, the trypanocidal and 
cytotoxic activities of aldehydes showed correlation with their chemical struc-
tures. Among the mentioned aldehyde, citral (geranial and neral) was studied 
more on metacyclogenesis of T. cruzi and could effectively block the in vitro 
metacyclogenesis. Citral also killed the resulting metacyclic trypomastigote 
form, which may have occurred through alterations of membrane permeabil-
ity. It makes citral a good inhibitory drug candidate for more studies on the 
T. cruzi metacyclogenesis process [56]. About the mechanism of action for 
α,β-unsaturated aldehydes, it is reported that they are able to form covalent 
bonds with amino residues of proteins and inactivate most of the proteins that 
are likely to affect numerous cellular activities [57]. In trypanosomes, they 
may form aldehyde-thiol adducts with sulphur containing components. There-
fore, decrease of buffering agents can create oxidative stress in cells. The same 
mechanism of action is suggested in human cell lines [55]. About the p-cymene 
derivatives, phenolic compounds showed better activity than p-cymene itself. 
The isomers thymol (15) and carvacrol (16) showed different trypanocidal 
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activities against T. cruzi. Their cytotoxic activities against human HL-60 
cells were approximately the same. However, thymol showed the best activ-
ity against epimastigotes and intracellular amastigotes of T. cruzi compared 
with other phenols. Carvacrol (16) and espintanol (13) indicated the same 
activity. It is reported that carvacrol was more active against T. brucei than 
thymol [55]. In addition, it is found to be more active against Hep-2 cell than 
thymol [58]. It seems that changing hydroxyl position on the benzene ring 
makes different susceptibility on T. cruzi and T. brucei. Furthermore, lower 
steric hindrance of phenolic hydroxyl in carvacrol may not be the only reason 
for such a different activity.

Among the various types of monoterpenes, the class that contained hydro-
peroxides showed strong trypanocidal activity against T. cruzi. When these 
compounds were reduced to alcoholic structures they did not show any activ-
ity. For this reason, the functional hydrogen peroxide group should be respon-
sible for trypanocidal activity. As shown in the literature, hydroperoxy group 
oxidates the glutathione, pyruvic and alpha-ketoglutaric acids and the oxi-
dative decarboxylation of pyruvic acid makes them toxic [59]. On the other 
hand, the compounds that contain hydroperoxide functional group are easily 
destroyed due to alcohol for example during hydro-distillation of the essential 
oils [46].

Limonene itself is not a noteworthy trypanocidal compound but it can be 
used as a parent compound to produce (via semi synthetical or biochemical 
process) the products which contain aldehyde (4), piperazine (2), phenyl (2’), 
hydroperoxides (17–22) or ketone (36) and show more potent trypanocidal 
activity against T. cruzi. The hydrocarbon limonene also exhibited substantial 
trypanocidal activity against T. brucei (IC50 = 11.25µg/ml, SI = 4.5) [55]. As 
shown in the literature, limonene is a lipophilic hydrocarbon consisting of 
exocyclic and terminal methylene unit which can interact strongly with SH of 
proteins. This makes limonene toxic against trypanosoma as well as HL-60 
cells [60].

Among the pinenes, α-pinene (23) showed more potent activity against 
T. brucei than β-pinene (24). This compound is a lipophilic monoterpene such 
as limonene but has an endocyclic methylene just apposite of limonene. At 
this point, it is worth mentioning that terminal exocyclic methylene makes the 
hydrocarbonic monoterpenes very strong. By the way, moderate trypanocidal 
activity was observed from sabinene (25), as a hydrocarbonic monoterpene with 
an exocyclic methylene.

Bibliography reveals that although many alcoholic monoterpenes, belong-
ing to all classes, have been evaluated against both African and American 
trypanosomes, most of them were inactive or weakly active. For example, 
p-mentha-8-en-1, 2-diol, limonene-10-ol and the alcoholic forms of monoter-
pene hydroperoxides are all inactive. There is an exception, terpinen-4-ol (26), 
which showed a potent anti-trypanosoma (T. brucei) effect with a good selec-
tivity index is comparable with trypanocidal drugs of choice such as suramin. 
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Terpinen-4-ol is likely to be a mediator for in vivo and in vitro activity of tea 
tree oil (M. alternifolia) against azole-susceptible and azole-resistant Candida 
albicans [61].

Among the miscellaneous monoterpenes, carvone (36) showed a good try-
panocidal activity. Its trypanocidal activity was reported to be more than ver-
benone (39), camphor (40), thujone (41), and piperitone (42), Fig. 7, which 
showed low activity between 37 and 41µM [55]. Carvone contains two double 
bonds and isopropenyl side chain on cyclic ring. These differences with others 
may be responsible for the good trypanocidal effect of carvone. As previously 
mentioned the terminal methylene of carvone should be very reactive with SH 
of cysteine residues of proteins and affects the normal activity of cells [60]. 
These compounds were cytotoxic against the human cell (HL-60). Carvone, as 
the main constituent of Carum carvi, Anethum graveolen and Mentha spicata, 
has been reported to show various biological activities with minimal in vitro 
cytotoxic effect (IC50 = 0.9µM) against human cell (Hep-2) [58] and showed no 
adverse effects on rats even at the dose of 2500ppm for 1 year [62]. These points 
together with the edible sources of carvone make it a promising drug of future 
for therapy of African trypanosomiasis.

Eugenol (29), styrene oxide (37), safrole (35) and cinnamaldehyde (33) are 
derivatives of phenyl propanoid compounds which formed via different bio-
chemical pathway, well known as shikimate pathway, while monoterpenes are 
produced via acetate pathway. Among these compounds, styrene oxide contains 
epoxides and showed the potent trypanocidal activity. The epoxide ring can 
form covalent bonds with the amino and SH groups in proteins or secondary 
basic nitrogen of DNA bases [60]. It seems that the benzene ring in these com-
pounds especially when connected to epoxide in styrene oxide enhances their 
trypanocidal activity. Safrole is a bicyclic volatile compound consisting of a 
benzene ring fused to a dioxy ring of five-carbon and allylic side chain. Safrole 
is currently classified as a carcinogen category 2 and mutagen category 3 in the 
IFRA-IOFI labelling manual 2009. Out of the three alleged human carcinogens, 
safrole, estragole and methyl eugenol, safrole is arguably the weakest. The haz-
ardous dose of Sassafras officinale oil for humans (which typically contains 
80% safrole) has been determined as 0.66mg/kg, based on experimental animal 
data [63].

Many of the isolated volatile components from the essential oils of the plants 
have been reported to show trypanocidal activities. These compounds, bear-
ing different functional groups, mostly belong to monoterpenes. The current 
review summarized the present information until 2010 on trypanocidal activi-
ties of various classes of monoterpene compounds in order to better design and 
develop novel drugs with higher efficacy and lower toxicity. This paper sug-
gests the scientists and researchers to select an appropriate compound for more 
investigation, for example, to promote the mechanisms of action, cell uptake of 
drugs, enhancement of the biological activities of the compounds which serve 
as trypanocidal drugs for treatment of trypanosomiasis.
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CONCLUSION

Monoterpenes have been known for centuries as the fragrant components of the 
essential oils obtained from several parts of the plants. These compounds pre-
sented numerous actions, such as allelochemical functions between plants, and 
between plants and predators or in wound healing. Many monoterpenes possess 
antitumour activity in animal and cell models. They have also antioxidant, anti-
microbial and anti-protozoa properties. Literature review shows that there are 
some papers which reported anti-trypanosoma activity of monoterpenes. Some 
of these active compounds build up p-menthan and p-cymene skeletons and oth-
ers contain hydroperoxides, aldehydes, acids or alcohol moieties. Among the 
compounds tested and reported, terpinen-4-ol showed a potent anti-trypanosoma 
(T. brucei) effect with a good selectivity index comparable with trypanocidal 
drug, suramin. Carvone is another candidate for more anti T. brucei investiga-
tions. Monoterpenes bearing aldehyde functional group generally are potent 
trypanocidal compounds against both T. cruzi and T. brucei but need more struc-
tural changes for reduction of human cell toxicity. Importance of monoterpenes, 
due to the potent volatile compounds, simple structure, easy synthesis, and cost 
effective, make them drug of choice for the future therapy of trypanosomiasis 
especially in the form of systemic absorption inhalers or aromatherapy.
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ABBREVIATIONS

BPG 1,3-bisphosphoglycerate
DMAP dimethylallyl pirophosphate
DOXP deoxy xylulose phosphate
GAP glyceraldehyde-3-phosphate
GAPDH glyceraldehyde-3-phosphate dehydrogenase
GPP geranyl pyrophosphate
IFRA International Fragrance Association
IOFI International Organization of the Flavor Industry
IPP isopentenyl diphosphate
MEP methyl erythritol phosphate
MIC minimum inhibitory concentration
SI selectivity index
T. cruzi Ttypanosoma cruzi
T. brucei Trypanosoma brucei
T. b. gambiense Trypanosoma brucei gambiense
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Chapter 7

Plant and Fungi 
3,4-Dihydroisocoumarins: 
Structures, Biological Activity, 
and Taxonomic Relationships

INTRODUCTION

Isocoumarin is the common name for 1H-2-benzopyran-1-one skeleton; they 
are derivatives of isochromene and all the natural isocoumarins bear oxygen 
atom at one or more of the six available positions. These oxygen atoms may 
be in the form of phenolic, ethereal or glycosidic functionalities groups. Par-
ticularly, 3,4-dihydroisocoumarins (DHICs) are characterized as saturated 
analogues between C-3/C-4. DHIC are a small group of interesting secondary 
metabolites produced by some plants, fungi, insects, and other living organ-
isms. The structures of natural DHIC show various types of substitution in their 
basic skeleton including O-glycosylation and methylation and this variability 
 influences deeply their biological activities.

The first scientific isolation report on DHIC is dating back to 1916 with the 
isolation of hydrangenol (1), (Fig. 1) from the flowers of Hydrangea hortensia 
Smith (Saxifragaceae) [1]; later in the same year another DHIC, named phyl-
lodulcin (2) (Fig. 1), was isolated from the flowers of Hydrangea macrophylla 
Seringe var. thunbergii Makino [2]. Compound 1 is one of the most common 
DHIC in the plant kingdom.

Phyllodulcin, which has a very sweet taste, 400–800 times sweeter than 
sucrose, became later a target of intensive studies to develop safe and effective 
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sweeteners. Besides the sweet derivative of DHIC, some other compounds such 
as 6-methoxymellein (3) (Fig. 2), found in stressed carrots, has attracted the 
attention for its bitter taste.

The plants containing DHIC are not systematically related: e.g., Aloe sp. 
(Xanthorrhoeaceae), Scorzonera sp., Crassocephalum sp. and Tragopogon sp. 
(Asteraceae), Xyris sp. (Xyridaceae), Daucus sp. and Notopterygium sp. (Apia-
ceae), Hydrangea sp. (Hydrangeaceae), Polygala sp. (Polygalaceae), Mon-
trouziera sp. and Hypericum sp. (Guttiferae), Kigelia sp. (Bignoniaceae), and 
Haloxylon sp. (Chenopodiaceae). Also fungi are an important source of DHIC.

DHICs exhibit important biological and pharmacological properties such 
as antimicrobial, anticancer, plant growth inhibition, insecticidal, antimalarial, 
anticancer, antioxidant, and antiallergic activities. Besides the beneficial effects 
of DHIC, some of them have been investigated for their high toxicity and for 
their allergenic properties.

This review deals with the most important findings of the last 30 years in the 
field of DHIC found in a wide number of organisms including plants, fungi, liv-
erworts, and insects, and it will show the importance of this class of secondary 
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metabolites in the prevention and treatment of some diseases as well as their 
importance in food as new lead of promising class of sweeteners.

PLANTS

After the isolation of hydrangenol (1) and phyllodulcin (2) (Fig. 1), a signifi-
cant number of DHIC have been isolated and characterized from plant spe-
cies. 6-Methoxymellein (3) and kigelin (4) (Fig. 2) were isolated from the 
roots of Kigelia pinnata DC. (syn. Kigelia africana Benth., Bignoniaceae), a 
smell spreading tree with pendulous racemes of dull liver-coloured flowers and 
a long-stalked large gourd-like fruit. Compounds 4 and 3-demethylkigelin (5) 
were identified also from the plant bark [3,4]. Compound 4 and its congeners 
have close biogenetic and structural similarities to the ochratoxins, reticulol, 
canescin, and 6-hydroxyramulosin, the chlorine-containing metabolites from 
Sporormia affinis Sacc. (Sporormiaceae).

(+)-6-Hydroxymellein (6) (Fig. 2) was obtained from the flowers of Cas-
sia siamea Lam. (Caesalpiniaceae), one of the commonest trees of India [5]. 
Compound 6 was first isolated from a mutant of Aspergillus terreus (Tricho-
comaceae) and then from Daucus carota L. (Apiaceae) roots stored under 
stressed condition and from Pyricularia oryzae Cavara (Magnaporthaceae). 
Two structurally related DHIC, dihydroinversin or 3R-methyl-6-methoxy-7,
8-methylenedioxydihydroisocoumarin (7) and 3R-methyl-5,6-dimethoxy-7,
8-methylenedioxydihydroisocoumarin (8) were reported from the New Zealand 
liverwort, Wettsteinia schusterana Grolle (Adelantaceae) (Fig. 3) [6]. This is the 
only report about the presence of DHIC in liverworts.

Hydrangea species (Saxifragaceae), plants cultivated as ornamental in pots 
and garden, are rich in DHIC. H. macrophylla var. macrophylla produces, 
together with 1, its 8-O-β-glucoside (9) (Fig. 1). H. macrophylla Seringe var. 
thunbergii Makino whose leaves crumpled, fermentated, and dried consti-
tuted Hydrangeae Dulcis Folium, a rare natural medicine indigenous to Japan, 
where it is called Amacha, is extensively used in confectionery, drinks, and 
foods. The leaves methanolic extract of H. macrophylla Seringe var. thun-
bergii Makino, used in Japan after fermentation and darkening as a tea in 
Hanamatsuri Celebration (Birth of Buddha) [7], afforded (3R)-phyllodulcin 
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(10), 3R- and 3S-phyllodulcin 3’-O-glucosides (11) and (12), 3S-phyllodulcin 
8-O-β-glucoside (13), thunberginols C (14), D (15), and E (16), thunberginol 
G 3’-O-β-glucoside (17), 3R- and 3S-thunberginol H 8-O-glucosides (18) and 
(19), 3R- and 3S-thunberginol I 4’-O-glucosides (20) and (21), 3R- and 3S-thun-
berginol I 8-O-glucosides (22) and (23), hydrangenol 4’-O-β-glucoside (24), 
3R- and 3S-hydrangenol 4’-O-β-d-apiofuranosyl-(1→6)-β-d-glucopyranosides 
(25) and (26) (Figs. 1, 4, and 5) [8–10]. The 3-phenyl-substituted DHICs having 
the 4’-hydroxyl group are known to show tautomer-like behaviour at C-3 and 
this type of DHIC existed as a racemic mixture; on the other hand DHIC having 
the 4’-methoxyl group are known to be stable.

Finally, from H. macrophylla subsp. serrata (Thumb.) Makino macrophyl-
losides A (27), B (28), and C (29) were isolated [11] (Figs. 4 and 6).

DHICs appear also to be a useful chemotaxonomic marker within the 
genus Aloe (Xanthorrhoeaceae). Feralolide (30) (Fig. 7), characterized as 
(3R)-3,4-dihydro-6,8-dihydroxy-3-(2’-acetyl-3’,5’-dihydroxyphenyl)methyl-
1H-[2]benzopyran-1-one was isolated from a commercial sample of Cape aloe 
(dried exudates of Aloe ferox Miller or, occasionally, its hybrids with Aloe afri-
cana Miller or Aloe spicata Baker) where it occurs in 0.01% yield [12], while its 
3’-O-β-d-glucopyranosyl derivative (31) (Fig. 7) was reported in 1994 from the 
leaf exudates of Aloe hildebrandtii Baker [13]. The latter compound was found 
to be fairly widespread in the genus Aloe: the proportion of this compound 
with respect to the total leaf phenolics varied from 1 to 15% (in A. hildeb-
randtii was found to be 4%). In recent years, 3,4-dihydro-6,8-dihydroxy-3-(2’ -
acetyl-3’-hydroxy-5’-methoxyphenyl)methyl-1H-[2]benzopyran-1-one (32), the 
5’-methyl derivative of feralolide, was isolated from powdered sap (Fig. 7). 
Its structure was unambiguously established with the help of X-ray crystal 
 structure analysis [14,15].
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The genus Ononis (Fabaceae, Trifolieae tribe) is known to produce DHIC. From 
the methanol-soluble fraction of the n-hexane extract of Ononis natrix L., a peren-
nial herb distributed throughout Jordan, (3R)-8-hydroxy-6-methoxy-3-undecyl-3,
4-dihydroisocoumarin (33), (3R)-6,8-dihydroxy-3-undecyl-3,4-dihydroisocouma-
rin (34), (3R)-6,8-dihydroxy-3-(6-oxoundecyl)-3,4-dihydroisocoumarin (35), 
and (3R)-6,8-dihydroxy-3-(6-hydroxyundecyl)-3,4-dihydroisocoumarin (36) 
were isolated (Fig. 8) [16,17]. Compounds 33, 34, and 36 were also identified 
in O. natrix subsp. hispanica, a plant that grows in coastal zones of the Iberian 
Peninsula [18]. The synthesis of the principal DHIC of O. natrix was reported 
by Rama et al. in 1993 [19], while Hussain et al. performed a detailed study on 
their EIMS mass fragmentation pattern [20].

Agrimonolide (37) (Fig. 9) was reported as a component of Agrimonia 
pilosa Ledeb. (Rosaceae) roots since 1958 [21]. A. pilosa is a perennial herb 
distributed throughout South Korea and its roots have been used as haemo-
static, antimalarial, and antidysenteric remedies in oriental medicine. In 2004, 
Park et al. isolated also its glycoside, agrimonolide 6-O-β-d-glucopyranoside 
(38) (Fig. 9) [22]. This latter compound was also identified together with des-
methylagrimonolide 6-O-β-d-glucopyranoside (39) (Fig. 9) in the plant aerial 
parts [23]. Compound 37 was characterized in the ethanolic extract of Spiraea 
formosana Hayata (Rosaceae) stems [24], while its glycoside 38 was obtained 
from the leaves of Lawsonia inermis L. (Lythraceae) [25].
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Montroumarin (40) (Fig. 10) was synthesized by Sakai et al. (1974) [26]. 
In 2000 Ito et al. reported its isolation from Montrouziera sphaeroidea Pan-
cher Ex Planchon et Triana (Guttiferae) [27]. Successively, Lu et al. in 2007 
reported the occurrence of 40 in the aerial parts of Dioscorea nipponica 
(Dioscoreaceae) [28].

The genus Scorzonera (Asteraceae, Lactuceae tribe, Scorzonerinae sub-
tribe) includes several European species distributed all over the continent, 
from northern Russia to Spain, Crete, and Jordan. Chemical investigation of 
this genus yielded DHIC such as scorzocreticin (41), scorzocreticoside I or 
8-O-β-d-glucopyranosylscorzocreticin (42), scorzocreticoside II or 8-O-[α-
l-rhamnopyranosyl-(1→6)-β-d-glucopyranosyl]scorzocreticin (43) (Fig. 5) 
obtained from Scorzonera cretica Willd. [29]; compounds 1, 24, (±)-scor-
zotomentosin (44) (Fig. 1), and (−)-scorzotomentosin 4’-O-β-glucoside (45) 
(Fig. 2) isolated from Scorzonera tomentosa L. [30]; compounds 1 (Fig. 1) 
and 45 (Fig. 5) purified from Scorzonera latifolia (Fisch. & Mey.) DC. [31]; 
compounds 1, 9, 24, 26, 44, and 3S-hydrangenol 4’-O-α-l-rhamnopyranosyl-
(1→3)-β-d-glucopyranoside (46) (Figs. 1 and 5) identified recently from Scor-
zonera judaica [32], “Jordanian Viper’s Grass” a perennial herb that grows 
in the desert and dry places of Jordan and used as food by Bedouins. Com-
pounds 1, 9, 24, 26, 44, and 46 were obtained from the CHCl3–MeOH (9:1) 
extract of the plant roots and were elucidated by mass spectrometry, 1D- and 
2D-NMR, and CD spectroscopy. Compound 42 was isolated together with 
its 6-O-methyl derivative, 6-O-methylscorzocreticoside (47) (Fig. 5) also 
from Tragopogon porrifolius L. subsp. porrifolius (Asteraceae, Lactuceae 
tribe, Scorzonerinae subtribe), highlighting the close phylogenetic relation-
ship of the genera Scorzonera and Tragopogon [33]. A recent phytochemi-
cal re-investigation of T. porrifolius yielded the dimeric DHIC tragoponol 
(48) (Fig. 11), constituted by the open-chained forms of two different mono-
methoxylated DHIC moieties, scorzocreticin and hongkongenin, which are 
connected via two ester bonds to form a macrolide with two lactone moieties 
featuring a 12-membered ring [34]. Compound 48 is the first natural com-
pound featuring a 7,8,15,16-tetrahydrodibenzo[c,i][1,7]dioxacyclododecine-
5,13-dione ring system.
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A dimeric DHIC, salvadorin (49), (Fig. 12) was isolated from the whole 
plant methanolic extract of Salvadora oleoides Decne (syn. Salvadora stocksii 
Wight) (Salvadoraceae), a small tree found in the arid regions of Pakistan and 
Western India [35].

The rhizomes of Notopterygium forbesii Boiss (Apiaceae) have been used 
for the treatment of cold, rheumatism, and ache in Chinese folk medicine. 
Chemical investigation of the constituents of plant rhizomes EtOH extract led to 
the isolation and characterization of 6-methoxyhydrangenol (50) (Fig. 1) [36].

Wu et al. in 2007 reported the isolation and structural elucidation of hongko-
genin (51) (Fig. 5) from Polygala hongkongensis Hemsl (Polygalaceae). This is 
the only report on the occurrence of DHIC in the Polygala genus [37].
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Investigation of the methanol extract stem bark of Caryocar glabrum (Aubl.) 
Pers. (Caryocaraceae) led to the isolation of two DHIC glucosides, members of a 
new biogenetic pathway for the isocoumarins nucleus involving shikimate derived 
A-ring (gallic acid) coupled with a phenyl propanoid derivative. These compounds 
were elucidated as (3S,4S)-3-(β-d-glucopyranosyloxymethyl)-3,4-dihydro-5,6,7-
trihydroxy-4-(4’-hydroxy-3’-methoxyphenyl)-1H-[2]-benzopyran-1-one (52) and 
(3S,4S)-3-(β-d-glucopyranosyloxymethyl)-3,4-dihydro-5,6,7-trihydroxy-4-(4’-
hydroxy-3’,5’-dimethoxyphenyl)-1H-[2]-benzopyran-1-one (53) (Fig. 13) [38].

As a part of a phytochemical study directed towards the isolation of biologi-
cally active compounds from Xyris species, Guimarães et al. in 2008 obtained 
from Xyris pterygoblephara Steud. (Xyridaceae), the 3,4-disubstituted DHIC 
(3R,4R)-(−)-6-methoxy-3,4-dihydro-4-acethoxy-5-n-penthyl-1H-2-benzopyran-
1-one (54) (Fig. 14) [39]. This is the only report on the isolation of a DHIC 
from a Xyridaceae species, although isocoumarins have been described from X. 
indica L. The presence of DHIC substituted either at C-3 and C-4 is uncommon 
in plant kingdom while they occur in fungi.

In the course of chemical investigation on the constituents of the Chi-
nese mangrove associate Catunaregam spinosa (Thunb.) Tirveng (Rubia-
ceae), 3-(2-hydroxypropyl)-8-hydroxyl-3,4-dihydroisocoumarin (55) (Fig. 15) 
was characterized. The stereochemistry at the two chiral centres remained 
 undetermined [40].
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6-Methyl-6-methoxy-3,4-dihydroisocoumarin-8-O-β-d-glucopyranoside 
(56) (Fig. 2) was obtained from the alcoholic extract of Saxifraga montana H. 
(Saxifragaceae) whole plant, a perennial herbaceous species widely distributed 
in the northwest of China. This compound was also identified through TLC in 
cultured carrot cells [41].

Erythrocentaurin or 5-formyl-2,3-dihydroisocoumarin (57) (Fig. 16) was 
isolated from Centaurium erythraea Rafn. (Gentianaceae) aerial parts [42]. The 
compound was also identified in the essential oil of the plant, although it was 
one of the minor constituents (0.1%) [43].

Bioassay-guided fractionation of the CHCl3-soluble extract of the stem bark 
of Crassocephalum biafrae S. Moore (Asteraceae) resulted in the isolation 
of three DHIC, named biafraecoumarins A (58), B (59), and C (60) (Fig. 17). 
The plant, together with other Crassocephalum species, is widely used as food 
 additive and in traditional medicine in many African countries [44].
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Nedialkov et al. in 2007 reported the isolation and structural elucidation 
of annulatomarin (61) (Fig. 10) from the aerial parts of Hypericum annulatum 
Moris (Guttiferae), a herbaceous plant growing on the Balkan Peninsula [45]. 
The synthesis of 6-O-methylannulatomarin and 7-demethylannulatomarin was 
described in 2010 [46].

(S)-4-Methoxy-7-phenyl-7,8-dihydro[1,3]dioxolo[4,5-g]isochromen-
5-one (62) (Fig. 10) was isolated from a dichloromethane extract of Haloxylon 
scoparium Pomel (syn. Hammada scoparia (Pomel) Iljin.) (Chenopodiaceae) 
with the aid of a functional assay with Xenopus oocytes transiently expressing 
GABAA receptors. Compound 62 represents the first report of a DHIC from the 
family Chenopodiaceae. On the basis of the recent report on a fungal isocouma-
rin, PF1223, as a ligand of the insect GABAA receptor with presumed inhibitory 
activity at the allosteric antagonist site, Li et al. in 2010 showed that 62 potenti-
ated GABA-induced chloride current at the GABAA receptor with an EC50 of 
140.2 (51.2µM) [47]. 3-Phenyl-substituted DHIC occur in plants of the families 
Asteraceae, Guttiferae, and Saxifragaceae.

FUNGI

Since 1933 a significant number of DHIC have been isolated and character-
ized from fungi species. The first DHIC isolated from fungi was mellein (63) 
(Fig. 18), a metabolic product of Aspergillus melleus (Trichocomaceae) [48].
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Mellein is a 3-methyl-8-hydroxy-3,4-dihydroisocoumarin possessing a sin-
gle chiral centre and it is present widely in fungi either in its R or S form, but 
mostly in its R forms. Most of the DHIC derivatives from fungi possess mel-
lein skeleton. From the ethyl acetate extract of A. terreus culture subjected to 
repeated column chromatography and preparative thin layer chromatography on 
silica gel, the mellein derivatives 3, 4, 6-(4’-hydroxy-2’-methylphenoxy)-(3R)-
mellein (64), and (3R,4R)-6,7-dimethoxy-4-hydroxymellein (65) were charac-
terized (Figs. 2, 18, and 19) [49]. Compound 63 was also isolated from many 
Pezicula sp. (Dermateaceae), endophytic fungi that live inside Coniferous and 
deciduous trees and behave as plant hosts [50].

Sondheimer et al. in 1957 isolated 3 from carrots which had developed a 
bitter taste during storage [51]. Condon et al. later associated the production 
of this fungitoxic substance in carrots with alterations in the normal metabolism 
of the carrot root tissue which they felt were possibly induced by the presence of  
fungi [52–54]. Successively, Aue et al. (1966) reported the isolation of the same 
compound, which is sometimes referred to the metabolism of the fungus Spo-
rormia bipartis Cain. (Sporormiaceae) [55]. The study of the metabolic prod-
ucts of S. affinis Sacc., Bomm and Rouss conducted to the isolation together 
with 3 (Fig. 2), to the closely related halogenated compounds 5,7-dichloro-
3-methyl-6-methoxy-8-hydroxy-3,4-dihydroisocoumarin (66) and 7-chloro-
3-methyl-6-methoxy-8-hydroxy-3,4-dihydroisocoumarin (67) (Fig. 18) [56]. 
These findings and those of Aue et al. (1966) suggested that the occurrence of 
3 in fungal infected carrots might be due to the fungus itself. The presence of 
3 in two Sporormia species may also be noteworthy from a chemotaxonomic 
point of view [55].

During the examination of the metabolic products of a strain of Fusarium 
sp. (Nectriaceae), which was isolated from a natural source, a colourless, crys-
talline metabolite was isolated and identified as fusamarin (68) (Fig. 20) [57]. 
The isolation of the compound was obtained by ether extraction, followed by 
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column chromatography and fractional recrystallization. Compound 68 has 
been shown to be (−)-(R)-(3)-trans-pentenyl-(3)-5-n-butyl-6,8-dihydroxy-3,4-
dihydroisocoumarin on the basis of chemical and spectroscopic evidences.

Bioassay-guided fractionation of an ethyl acetate extract from the mycelium 
of the coprophilous fungus Apiospora montagnei Sacc. (JS140 = UAMH7489) 
(Amphisphaereaceae) has furnished the DHIC cis-(3R,4R)-4-hydroxymellein 
(69) (Fig. 19) [58,59], isolated also from Aspergillus ochraceus. The chemical 
similarity of this compound to the DHIC moiety of the ochratoxins implicates it 
as a possible biosynthetic precursor of the ochratoxins [58].

The isolation of the phytotoxic compounds from Phomopsis helianthi 
Munt-Cvetk. (Valsaceae) was performed by two consecutive semiprepara-
tive HPLC steps. Individual fractions were analyzed by analytical HPLC, and 
fractions with similar chromatographic profiles were combined and tested for 
phytotoxic activity on sunflower leaves by the puncture bioassay. The results 
of the bioassay led to the identification of two major metabolites. These com-
pounds were identified by spectroscopic methods as trans-4,6-dihydroxymel-
lein or trans-3-methyl-4,6,8-trihydroxy-3,4-dihydroisocoumarin (70) and 
cis-4,6-dihydroxymellein or cis-3-methyl-4,6,8-trihydroxy-3,4-dihydroiso-
coumarin (71) (Fig. 19). Both compounds showed phytotoxic activity towards 
sunflowers [60].

Cromatographic separation of compounds extracted from the culture of the 
strain Tubercularia sp. TF5 (Nectriaceae) led to isolation of 5-carboxymellein 
(72) (Fig. 18) successively isolated from different fungi species [61–63].

The crude extract of Gentrichum sp. (Endomycetaceae), an endophytic fungus 
isolated from Crassacephalum crepidioides S. Moore (Compositae), was found 
by Kongsaeree et al. (2003) to be active against Plasmodium falciparum (K1, 
multi-drug resistant strain) with an IC50 value of 0.63µg/mL and against Candida 
albicans with an IC50 of 19.2µg/mL. Bioassay-guided fractionation by  Sephadex 
LH-20 and reversed-phase HPLC resulted in the isolation of three DHIC, whose 
structures were established as 7-butyl-6,8-dihydroxy-3(R)-pent-11-enyliso-
chroman-1-one (73), 7-but-15-enyl-6,8-dihydroxy-3(R)-pent-11-enylisochro-
man-1-one (74), and 7-butyl-6,8-dihydroxy-3(R)-pentylisochroman-1-one (75) 
(Fig. 21) by spectroscopic data [64].
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During a systematic screening by Kokubun et al. (2003) of fungi in the United 
Kingdom for antimicrobial and antiinsect activities, Cytospora eucalypticola 
van der Westhinger (Coelomycete) strain SS8 was found to produce antifungal 
and antibacterial metabolites and to release them into the growth medium. Frac-
tionation of the culture filtrate yielded 3,5-dimethyl-8-hydroxy-7-methoxy-3,4-
dihydroisocoumarin (76) and 3,5-dimethyl-8-methoxy-3,4-dihydroisocoumarin 
(77), together with 5-methylmellein (78), 5-hydroxymethylmellein (79), and 
4-hydroxy-5-methylmellein (80) [65] (Figs. 18 and 22). The last three com-
pounds have also been found in C. eucalypticola, the pathogen of Eucalyptus 
sp. [66], while compounds 77 and 78 were isolated by Ping et al. (2008) from 
endophytic fungus S26 of Cephalotaxus hainanensis Li (Cephalotaxaceae) [67].

During the course of a research project on biologically active compounds 
from fungi, the secondary metabolites produced by Cephalosporium sp. 
AL031 in culture were investigated by Bi et al. in 2004. The organism is a 
fungus that was isolated from Sinarundinaria nitida Keng F. ex T.P. Yi (Poa-
ceae) grown in the Ailao Mountain, China. The phytochemical study of ethyl 
acetate extract led to the isolation of four glycosylated DHIC, elucidated as 
(2E,4E)-5-[(3S)-5-acetyl-8-(β-d-glucopyranosyloxy)-3,4-dihydro-6-hydroxy-1-
oxo-1H-2-benzopyran-3-yl]penta-2,4-dienal (81), (2E,4E)-5-[(3S)-5-acetyl-8-(β-
d-glucopyranosyloxy)-3,4-dihydro-6-methoxy-1-oxo-1H-2-benzopyran-3-yl]
penta-2,4-dienal (82), (3S)-8-(β-d-glucopyranosyloxy)-3-[(1E,3E,5E)-hepta-
1,3,5-trienyl]-3,4-dihydro-6-hydroxy-5-methyl-1H-2-benzopyran-1-one (83), and 
(3S)-8-[(6-O-acetyl-β-d-glucopyranosyl)oxy]-3-[(1E,3E,5E)-hepta-1,3,5-
trienyl]-3,4-dihydro-6-methoxy-5-methyl-1H-2-benzopyran-1-one (84) by 
spectroscopic methods, including 2D-NMR techniques and chemical methods 
(Fig. 23) [68,69]. Successively, from the same fungus strain (2E)-3-[(3S)-5-
acetyl-3,4-dihydro-6-methoxy-1- oxo-1H-2-benzopyran-3-yl]-2-propenoic acid 
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(85), (3S)-3,4-dihydro-3-heptantrienyl-8-hydroxyl-6-hydroxymethyl-5-methy-
lisocoumarin (86), and (3S)-6-acetoxymethylene-3,4-dihydro-3-heptantrienyl-
8-hydroxyl-5-methylisocoumarin (87), were isolated. Their structures were 
elucidated by  interpretation of their spectroscopic data [70].

As a part of a continuing search for biologically active compounds from bio-
resources in Thailand [71–73], Berkaew et al. have investigated the constituents 
of the wood-decay fungus Hypocrea sp. BCC 14122 (Hypocreaceae), since an 
extract of this strain had shown activity against human small cell lung cancer 
cells (NCI-H187, IC50 = 5.2µg/mL). The investigation on the EtOH extract led 
to the isolation of a DHIC (88) (Fig. 24) characterized by an alkyl side chain. 
The structure was elucidated primarily by NMR and mass spectroscopic analy-
ses, but its absolute configuration was not determined [74].

Four DHIC were isolated from the fungus Nodulisporium sp. by Kamisuki 
et al. (2007) and identified as 3-methyl-8-methoxy-3,4-dihydroisocoumarin (89), 
5-formyl-8-hydroxy-3-methyl-3,4-dihydroisocoumarin (90), 3,5-dimethyl-8-
methoxy-3,4-dihydroisocoumarin (91), 3-methyl-6,8-dimethoxy-3,4-dihydroiso-
coumarin or mullein (92) (Fig. 18), respectively, based on their  physicochemical 
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and spectroscopic data [75], while (3R)-7-hydroxy-5-methylmellein (93) (Fig. 18) 
was isolated from chemical investigation of the marine-derived fungi Nodu-
lisporium sp. by Pontius et al. (2008) [76].

Krohn et al. in 2007 investigated the metabolites of an endophytic fungus, Asco-
chyta sp., isolated from the plant Melilotus dentatus Waldst e Kant (Fabaceae). The 
crude extract showed antifungal activity against Microbotryum violaceum, Septoria 
tritici, and Phytophtora infestans, as well as antibacterial activity against Bacillus 
megaterium and algicidal activity against Chlorella fusca. The ethyl acetate extract 
was subjected to column chromatography and the DHIC (4S)-(+)-ascochin (94) 
together with compound 69 (Figs. 19 and 25) were isolated [77,78]. Compound 
94 had an unusual substitution pattern which was confirmed by X-ray diffraction.

The secondary metabolites produced by the Aspergillus species fungal 
strain CMM isolated from the sterilized twigs of Cephalotaxus mannii Hook. f. 
(Cephalotaxaceae) were investigated by Lu et al. in 2008 [79]. The chromato-
graphic purification of the extracts from the fermentation products of the fungal 
strain led to the isolation of 69 and 5-O-α-D-glucopyranosyl-5-hydroxymellein 
(95) (Figs. 19 and 26) [80].
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The genus Phomopsis (Valsaceae) is known to be a rich source of bioactive 
secondary metabolites of diverse structures such as xanthones [81,82], antifun-
gal biaryl ethers (phomosines) [83,84], cycochalisines [85,86], convolvulanic 
acids [87], or mycotoxins such as phompopsin A [88]. Some of the compounds 
isolated from Phomopsis sp. exhibited significant in vitro antimalarial, antitu-
bercular, and cytotoxic activities [82]. However, many of these bioactive com-
pounds with antitumor and antibiotic activities have not yet found application 
due to toxicity problems [89]. In a series of preliminary screenings, the cul-
ture extract of the Phomopsis sp. displayed fungicidal, antibacterial, algicidal, 
and herbicidal activities [90]. The endophytic fungus Phomopsis sp. (internal 
strain no. 7233) was isolated from the leaves of Laurus azorica (Seub.) Franco 
(Lauraceae). In order to obtain the minor components, the fungus was culti-
vated, and three DHIC, named phomolactones A (96), B (97), and C (98) 
(Fig. 27), were obtained. Their structures, and in particular their stereochem-
istry, were elucidated by a thorough spectroscopic analysis in comparison to 
related hydroxycyclohexene epoxides and isocoumarins from the literature and 
to calculation results.

(3R)-7-Hydroxymellein (99) and (3R,4R)-4,7-dihydroxymellein (100) 
(Figs. 18 and 19), were isolated from Botryosphaeria obtuse, a pathogen of 
black dead diseases of grapevine. These DHIC exhibited a rare 7,8-dihydroxy 
substitution. The catechol moiety of 99 and 100 is probably formed after an 
additional oxidation at C-7, subsequently to the formation of the aromatic 
polyketide skeleton [91].

The mangrove endophytic fungus Microsphaeropsis sp. (Montagnulaceae) 
from the South China Sea was phytochemical investigated to obtain secondary 
metabolites. From this study eight DHIC derivatives were isolated from the 
ethyl acetate extract of the fermentation culture medium. Their structures were 
identified by comprehensive spectroscopic methods as 4-hydroxymellein (69), 
5-carboxymellein (72), 5-methylmellein (78), 4-hydroxy-5-methylmellein (80), 
mullein (92), 7-hydroxymellein (99), 4-hydroxy-8-O-methylmellein (101), and 
5-hydroxymellein (102) (Figs. 18, 19, and 22) [92].
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From the ethyl acetate extract of the fermentation broth of the mangrove 
endophytic fungus Cephalosporium sp. a DHIC derivative containing an iso-
prenyl group, 5-(3’-methylbut-2’-enyloxy)-3,4-dihydro-8-hydroxy-3-methyl-
isochromen-1-one (103) (Fig. 18), was isolated [93].

The DHIC (3R,4R)-3,4-dihydro-4,6-dihydroxy-3-methyl-1-oxo-1H-iso-
chro mene-5-carboxylic acid (104) (Fig. 28) was isolated from Xylaria sp. 
(Xylariaceae), a fungus associated with Piper aduncum L. (Piperaceae). Addi-
tionally, DHIC 99 and 100 (Figs. 18 and 19) were also isolated from Penicillium 
sp. (Trichocomaceae) associated to Alibertia macrophylla K. Schum (Rubia-
ceae) [94].

MARINE SOURCE

The DHIC moiety is present in the natural cytotoxin psymberin (105) (Fig. 29) 
reported from Psammocinia sp. (Dictyoceratida, Irciniidae) and in irciniastatin 
A (106) (Fig. 29) isolated from the marine sponge Ircinia ramosa. These com-
pounds, independently described by Cichewicz et al. (2004) [95] and Pettit 
et al. (2004) [96] appeared to be diastereomeric. Irciniastatin B (107) was also 
isolated from I. ramosa [96]. The DHIC moiety seems to be essential for the 
 differential cytotoxicity profile of psymberin [97].
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PHARMACOLOGICAL AND BIOLOGICAL ACTIVITY

Antimicrobial Activity

Several DHICs have antimicrobial activity that in many cases is due to the pres-
ence of a phenolic group in their structure. Hydrangenol (1) and phyllodul-
cin (2) are among the first DHIC isolated in nature. Compound 2 possesses an 
extremely weak antimicrobial activity against Escherichia coli and Staphylococ-
cus aureus, but a good activity against some fungi such as Alternaria maritima, 
Cochliobolus miyabeanus, Fusarium splendens, Giberella zeae, Helminthos-
porum maydis, and Penicillum expansum with MIC ranging between 50 and 
100µg/mL [98]. The chemical modifications of phyllodulcin (2) structure such 
as acetylation, demethylation, or methylation of the hydroxyl group at the C-3’ 
position resulted in a decrease of the antifungal activity. In addition, the struc-
tural modifications of hydrangenol (1), such as methylation at the C-4’ position, 
causes decreasing of the antifungal effect. It was also found that  optically active 
isomers showed stronger activity than the racemates [98].

The extracts of endophytic Pezicula species, isolated from different conifer-
ous and deciduous trees, were tested for fungicidal, microbicidal, and algicidal 
activities [50]. Compound 63 was among the most active constituents isolated 
from these species, showing a strong fungicidal and herbicidal activity. The 
tested organisms were B. megaterium (Gram-positive bacteria), E. coli (Gram 
negative bacteria), Ustilago violacea, Mycotypha microspora, Eurotium repens, 
and Fusarium oxysporum fungi. Compound 63, isolated in all investigated 
 species of Pezicula, has also algicidal effect on the alga C. fusca [50].

Some free DHIC and their glycosides were tested against oral bacteria. 
DHIC from H. macrophylla Seringe var. thunbergii Makino were tested against 
Bacteroides melaninogenicus showing MIC of 10ppm for 1, 14, and 15, 50ppm 
for 18, and 100ppm for 2 and 24, respectively, while the antibacterial activi-
ties against Fusobacterium nucleatum were 5ppm for 1, 10ppm for 14 and 15, 
30ppm for 16, and 100ppm for 2 and 24, respectively [8]. So it seems that the 
free hydroxyl group at C-4’ position is important to enhance the antibacterial 
activity.

A number of plants are used in the folk medicine for the treatment of 
skin diseases caused by pathogenic fungi. Compound 54, isolated from the 
aerial parts Xyris pteygoblephara Steud. (Xyridaceae) growing in Brazil, was 
tested at the concentration of 100µg/disc against clinical isolates of dermato-
phytes Epidermophyton floccosum showing inhibition zone of 4.5 ± 0.8mm, 
Trichophyton mentagrophytes showing inhibition zone of 4.8 ± 0.4mm, and 
Trichophyton rubrum revealing an inhibition zone of 10.2 ± 0.8mm, confirm-
ing the ethnopharmacological use of this plant for the treatment of skin fungal 
diseases [39].

Compounds 58–60 isolated from C. biafrae S. Moore (Asteraceae) were 
tested (1mg/mL) against a range of microorganisms such as E. coli, Bacillus 
subtilis, S. aureus, Pseudomonas picketti, Trichophyton longifusus, Aspergillus 
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flavus, Microsporum canis, Fusarium solani, C. albicans, and Candida  glabrata 
by the agar-well diffusion method. All compounds were active against B. sub-
tilis and E. coli. Compounds 58–60 (200µg/mL) were also screened in vitro for 
the antifungal activity against six fungi species using the tube diffusion test. The 
linear growth of the fungus was obtained by measuring the diameter of the fun-
gal colony after seven days. Compounds 58 and 59 exhibited significant activ-
ity (>75%) against C. albicans, F. solani, and T. longifusus, while 60 showed 
significant activity (80%) against F. solani [44].

Compounds 73–75 isolated from Geotrichum sp. were tested against C. albi-
cans and Mycobacterium tuberculosis. The IC50 was 19µg/mL for compound 73 
and 33µg/mL for 75, respectively. Results were compared with standard drugs 
such as amphotericin B (IC50 = 0.01µg/mL).

Growth inhibition activity against M. tuberculosis H37Ra strain was deter-
mined using the Microplate Alamar Blue Assay (MABA). The MIC values of 
the standard drugs isoniazid and kanamycin sulphate were 0.050 and 2.5µg/
mL, respectively, while the active DHIC were 73 and 74 with MIC of 25 and 
50µg/mL, respectively [63]. The in vitro antimalarial activity was also evaluated 
against the parasite P. falciparum (K1, multi-drug resistant strain). Quantitative 
assessment of antimalarial activity was determined by means of the microcul-
ture radioisotope. An IC50 value of 4.7µg/mL and 2.6µg/mL was observed for 
compounds 73 and 75, respectively [64].

Compounds 69 and 94 isolated from Ascochyta sp. were tested against the 
Gram-positive bacterium B. megaterium, the fungus M. violaceum, and the 
algae C. fusca. Compound 68 was particularly active against bacteria [77].

Finally, compounds 99 and 104 were evaluated for their antifungal activity 
against Cladosporium sphaerospermum and C. cladosporioides, using direct 
bioautography assay. Compound 99 showed a potent effect against the yeasts, 
exhibiting a detection limit of 5.0 and 10.0µg against C. cladosporioides and 
C. sphaerospermum, respectively. Compound 104 exhibited moderate fungitox-
icity towards C. cladosporioides and C. sphaerospermum, showing a detection 
limit of 10.0 and 25.0µg, respectively. Altogether, these data indicate a clear 
positive correlation between the antifungal effect demonstrated by the DHIC 
and their catechol moiety. Compound 99 also showed a limit of detection of 
10µg in a TLC-based AChE inhibition assay which was considered as weakly 
potent. Compound 104 displayed moderate AChE inhibitory activity, exhibiting 
a detection limit of 3.0µg [94].

Chemopreventive Activity

Recent researches have suggested that the presence of plant secondary metabo-
lites in diet could reduce the risk of cancer. Particularly, phenolic compounds 
are well known for their antioxidant properties. Some isolated DHICs were 
tested in different antioxidant assays. Compound 51, isolated from the whole 
plant of P. hongkongensis Hemsl., showed an IC50 of 33.3µM in DPPH radical 
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scavenging activity test, 56.6µM in hydroxyl radical scavenging activity test, 
and 78.µM in reductive activity to Fe3+ [37].

DHIC 54 isolated from the aerial parts of X. pterygoblephara Steud. (Xyri-
daceae) has shown aromatase inhibitory activity, yielding an IC50 value of 
1.6 ± 0.1µM. Aromatase, a key cytochrome P450 enzyme, is responsible for 
the biosynthesis of estrogens which play an important role in the promotion 
of certain cancers, such as breast and endometrial cancer. Therefore, 54 could 
be employed as a prototype for future development which may result in a new 
chemopreventive agent [99].

Compound 1 showed an inhibitory effect on azoxymethane-induced colonic 
aberrant crypt foci and colonic mucosal ornithine decarboxilase activity in rats, 
indicating that it may have an antitumoral potential. Therefore 1 was suggested 
to be a candidate for chemopreventive agents in colon  tumorigenesis [100].

Allergic and Antiallergic Activities

Many cases of contact dermatitis are reported for Hydrangea species. These 
plants could be considered an occupational dermatosis among nursery workers, 
presenting as an eczema involving the hands [101]. Patch tests with the stems as 
well as the leaves of their extracts gave strong positive reactions in all patients, 
and 1, the allergen of Hydrangea, when tested, dissolved in acetone at the con-
centration of 0.01, 0.1, and 1%, gave positive results in the allergic test [102].

Surprisingly, another study suggested that 1, besides other DHIC, is a weak 
inhibitor of histamine release in rat peritoneal mast cells induced by antigen–
antibody reaction [103]. A further study showed that 1 and 2 also showed signif-
icant inhibition for the antigen-induced degranulations. The antiallergic effects 
of these active compounds seem to be due to the inhibition on antigen-induced 
release of β-hexosaminidase [104].

DHIC in Food

Phenolic derivatives are among the most important food bioactive metabolites 
because of their antioxidant activity. In addition some phenolics have sweetener 
properties.

Arakawa in 1960 studied the absolute configuration of compound 2, showing 
that the R-isomer was from 400 to 800 times sweeter than sucrose [105]. Later 
on, it was showed that the β-d-glucoside of phyllodulcin (23) was not sweet and 
for this reason in the fermentation process it is first necessary to hydrolyze phyl-
lodulcin from its glucosidic form to obtain the intense sweet taste of the aglycon 
[7]. Although 2 has been rated as 400 times as sweeter than a 3% (w/v) solution 
of sucrose, its wider use as a low caloric sweetener is restricted by a late onset 
of sweetness, insufficient solubility in water, and a lingering aftertaste [106].

DHIC were found in the aroma of some minor tropical fruits; compound 63 
is one volatile DHIC present in the aroma of Theobroma grandifora (Willd. ex 
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Spreng.) K. Schum (Sterculariaceae) which is known in South America coun-
tries as “cupuaçu” and mainly consumed fresh, as juice or as dessert [107].

Some vegetables such as carrots under certain circumstances produce DHIC 
with bitter taste. The presence of 6-methoxymellein (3), 6-hydroxymellein (6), 
and 3-methyl-6-methoxy-3,4-dihydroisocoumarin-8-O-β-d-glucopyranoside 
(56) was reported in carrot tissues. These compounds were predominantly 
accumulated in the periderm tissue of carrot roots. The biosynthesis of 3 is 
stimulated by exposure to ethylene and to UV radiation, by microbial infection, 
wounding, and storage at elevated temperatures [41,108]. These compounds 
with bitter taste have a defence role in the plants as a response to infection or 
injury. Moreover, carrot roots infected by pathogens Mycrocentrospora acerina 
and Botrytis cinerea accumulated excess of  phenolic antifungal 3 [109].

DHIC FROM ANIMAL ORIGIN

DHIC are not found only in the plant kingdom but also in some phylum of 
 animalia, including sponges and insects.

Some insects such as the carpenter ants Camponotus herculeanus and Cam-
ponotus ligniperda produced mellein (63) from their mandibular glands espe-
cially during the swarming process used for attracting the females. The role 
of 63 is the opposite in other insects, such as the red clover thrip Huplothrips 
leucanthemi which use it as defence arsenal with deterrent efficacy for fire ant 
workers Solenopsis invicta. This activity was examined by adding 0.5 or 1µg of 
mellein in 2µL of ethanol to a droplet of honey [110].

Compound 63 was detected also in Camponotus ramulorum [111].
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Chapter 8

The Modern Analytical 
Determination of Botanicals and 
Similar Novel Natural Products by 
the HPTLC Fingerprint Approach 

INTRODUCTION

A Long and Winding Road

Something more than a century ago, like Alice in a wonderland, pathfinders of the natural 
world received a little key to explore the magical garden of plant molecular structures and 
named it chromatography. Opened the small door, they found a narrow passage and an 
enormous work waiting, with unforeseen blossoms to discover and intriguing pathways 
to detect. Fascinated they tried to scan every little corner of the garden, to draw the 
entire map and be costumers; always they were indifferent to hard works, difficulties 
and dangers. Analytical organic chemistry gained from Phytochemistry two important 
legacies: an immense catalogue of astonishing structures of natural compounds isolated 
from a large quantity of plant species and an armoury of powerful implements and 
devices. They were the result of the classic sequence extraction/purification/structural 
determination and the fruits of an intelligent persistent effort. They were useful to 
make up the necessary ground for any further progress in natural products chemistry 
and commercial use of natural substances. Clearly, the main aim of the phytochemical 
study, as well as the finalization of the analytical determination, was the pursuit of active 
principles with pharmacological activity to be used by the pharmaceutical industry or 
directly or as raw material for hemisynthesis or as leader compounds for syntheses of 
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new drugs. Consequently, a natural product was relevant for novelty in structure, 
because of promising activity in pharmacological tests and in the consideration of the 
possible use as a medicament.

Rari nantes in gurgite vasto
Virgil, Aeneid, I, 118

Phytochemical students were pearl divers, lost in the huge billows of the sec-
ondary metabolism. A challenge so hard as fascinating. Later on, a devilish 
alliance of bureaucracy and claims killed any hope of novelty. Nowadays, a new 
active product means an unsustainable quantity of money to satisfy patents, 
certifications and endless clinical tests.

However, the request for natural substances has been increasing and demands 
changing progressively, together with goals and points of view. Avowal of the 
importance of the phytocomplex and the holistic view gave rise first to a new 
therapeutic approach, and hence to come out of new forms of natural products 
utilizations. Debate is going on about activity and real need of food supplements 
in diet, including a plethora of negative opinions that did not stop the boom of 
these products. Waiting for validations from the System Biology, the new products 
immediately filled neglected spaces and those arose, facing a great agreement in 
the market. Starting as products dedicated to particular uses, e.g., to satisfy dietetic 
needs or to improve the sport performances, food supplements, and in particu-
lar botanicals, overflew entering in the ordinary life of everybody. Following this 
trend, next step will be the multifunctional food, considered as “any food or food 
ingredient that may provide a health benefit beyond the traditional nutrients it con-
tains.” Decision Resources, Inc. [1] estimates the market value of functional foods 
at $28.9 billion. The potential of functional foods is, perhaps, more significant to 
mitigate risks of diseases, to promote health and to reduce health care costs.

Borderlines in the Food Market

The first signal was the insistent appearance on the market of several new prod-
ucts characterised by elements of novelty, as well as of confusion, including a 
profusion of imaginative denominations, i.e., nutraceuticals, food supplements, 
botanicals, dietary supplements, multifunctional foods, herbal drug preparations 
and others [1]. Rapidly, the new products entered de facto in the mainstream of 
health commodities. These are modern forms of natural substances utilization, 
inheriting the natural origin from the tradition cares like herbal medicines and 
herbalist products and offering solutions for the treatment of increasing minor 
pathologies or needs for health maintenance. Within the EU market for the food 
supplements, vitamins and minerals account for the largest share (about 50%–
55%: €4.1 – €4.73 billion), with the balance (€3.87 – €4.1 billion) accounting for 
“other substances”, mainly due to extracts of plants and their constituents [2].

In 2009 in Italy, one third of the population used food supplements and 
related products [3]; the amount of money involved was about €1.5 billion 
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(12.5% more than 2008) and the products amounted for €119 millions (an incre-
ment of 7.5%).

Searching for Quality

The market of “other substances”, after the first period of enthusiastic explosive 
emerging, is entering into the maturation period, with three important aspects to 
face: (a) security in composition, production and selling, avoiding easy conver-
sion and new approaches and meanwhile favouring competence and expertise; 
(b) definition of influence on metabolic aspects, including the scientific valida-
tion; (c) regulatory aspects, e.g., the claims definition and relative influences. 
The last aspect seems to be the most crucial and fundamental to the future of 
all the sectors.

Botanicals urgently need adequate analytical controls [4], since their 
uptrend could continue and be insured only by quality assessments. To handle 
complex analytical tasks with herbal drugs and botanicals is completely dif-
ferent from identifying single substances: (a) the exact chemical composition 
of botanical products is largely unknown and may widely vary; (b) the quanti-
tative presence of known active or marker compounds is not the unique quali-
tative criterion, since the presence of other constituents must also be a part of 
the analysis of the sample; (c) minimal variations in featuring conditions can 
heavily influence the analytical result and their complicate interpretation and 
comparison.

Phytochemical studies began from chromatography that opened the doors 
of the micromolecular world. From the beginning, started with the first 
application by Michael Tswett [5,6], the future of the chromatography was 
marked: it was suited for separation and identification of plant constituents. 
The central position must be conceived to the planar chromatography, in par-
ticular the Thin Layer Chromatography (TLC) [7]. Nowadays, TLC remains 
the most immediate, the simplest, the most useful analytical friend in the 
laboratory of organic chemistry to check the presence and the identity of 
known marker compounds, to follow the improvement of a synthesis, to test 
separation trend in column fractions and others. However, the current chal-
lenge of complex mixtures, as those present in the botanicals, needs more 
effective proper analytical tools. The limits of TLC to face and solve the 
complex mixtures problems were the basis of its positive evolution. TLC 
planar chromatography is: (a) an open system, depending on environmental 
factors (temperature, light, fumes, humidity), that can influence the resulting 
data; (b) mainly based on critical manual steps, influencing the results also 
using the best rigour and despite all the extra cautions of the same operator; 
(c) interpretation based on visualization can be subjected to personal judge-
ment. Therefore, the TLC methods cannot be fully controlled and analyses 
are not totally reproducible. In other words, data are scientifically not totally 
reliable and confident. TLC still remains a craftsman’s performance.
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The Chromatography of the Twenty-First Century

High Performance Thin Layer Chromatography (HPTLC) is the most recent 
evolution of planar chromatography, whose mission is to change the weakness 
of TLC into strength [8,9].

HPTLC raised from a need for major separation capacity, obtained by the 
use of precoated plates with smaller particles (2µm vs. 15µm), i.e., a more active 
surface, in order to obtain the efficacy needed for plant mixtures. In the mod-
ern HPTLC, the plate is the central tool of a complex automatic instrumenta-
tion system developed to control analysis conditions, to optimize reproducible 
results and to allow a complete comparison between different laboratories. In 
this regard, HPTLC is much more complicated than TLC, but complex prob-
lems need complex solutions. Being a multistep process, HPTLC performance 
requires a separated device for each step of the sequence: sample application, 
chromatogram development, derivatization, visualization and documentation. 
Furthermore, quantitative data for each spot can be obtained by densitometric 
measurements. The full power of HPTLC comes from the proper, compatible 
and complementary use of each device in an integrated system. The operator is 
the director of a tentative to reproduce Nature’s symphony tricking with sophis-
ticated machines.

HPTLC Methodology

Birth of modern planar chromatography can be placed in 1958 at the Achema 
trade fair in Frankfurt, with the presentation of the first TLC plates. Parents were 
Egon Stahl and the firm Merck. HPTLC plates were available about 20 years 
later by the study of R.F. Kaiser. Merck, (Darmstadt, Germany) still remains 
a leader in production of TLC plates with high capacity of separation, includ-
ing those utilised in the applications here reported (HPTLC Silica gel 60 F254 
20 × 10, cat no. 1.05642.0001).

Instrumentation improvements played a major role in turning conventional 
TLC into HPTLC with high quality results. The analyses here reported were 
performed through the following steps and related devices by Camag (Muttenz, 
Switzerland): (a) each sample is deposited by a syringe of an automated device 
(Linomat 5) that allows to select and control form, concentration and type of 
the starting spots, as well as the proper distances, insuring the same best start-
ing conditions; (b) plates are run in special development saturated chambers. 
Silica gel is hygroscopic and always in equilibrium with the humidity of the 
laboratory atmosphere, that can affect the activity of silica. Therefore, using 
automated developing chambers (ADC2) to control conditions such as humid-
ity, chamber saturation with mobile-phase vapour and extent of mobile-phase 
migration can make a big difference in reproducibility of results. They may 
also include sensors to detect the advance of the solvent front, so a plate can 
be automatically withdrawn and dried at a specific point; (c) the plate can be 
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visualised in different conditions (TLC Visualizer) and derivatised in controlled 
conditions (Chromatogram Immersion Device) and the results converted into a 
digitalised imagine. Software can memorize the plate and convert the analysis 
into a sequence of peaks or a 3D sequence of tracks at different wavelengths or 
make quantitative calculation.

Enhancement of sensitivity: current methods developed by Camag scien-
tists can quantitatively detect the dyes down to 2ppm. Thus, manual opera-
tions are limited to the preparation of the samples, to the movements of the 
plate in the sequence of devices, as well as to the use of the proper software 
in the computer.

THE HPTLC WORLD

Interest in HPTLC applications remained for long time a niche curiosity, used 
in some cases to perform a high quality planar chromatography of too com-
plex mixtures. The feature changed completely with the introduction of the 
computer-controlled devices. The situation is evidenced by the scientific papers 
dedicated to HPTLC and published in the last years: in 2010 they arose to more 
than 100, respect to the previous insignificant numbers. The year 2011 is even 
more promising (Table 1 and Fig. 1).

The geographic distributions of the provenience of the papers are also inter-
esting: developing countries are the majority, with a clear predominance of India 
(Fig. 2). This is another evidence that the scientific gap of developing countries 
is rapidly decreasing and is of different attention for novelties. This is another 
indication that globalisation is not so far. This is another clue that HPTLC just 
started its pathway to embark on an important future.

The reasons of the boom are essentially technological. The computerised 
instrumentations, like those performed by Camag, changed radically HPTLC, 
maintaining and improving visibility, easiness and quickness of TLC, but adding 
robustness, accuracy and reproducibility, in other words turning a material 

TABLE 1 Number of papers concerning HPTLC as reported by SciFinder 
using the keyword “HPTLC analysis”.

Year Published papers

2008 2

2009 5

2010 107

2011a 19

aUp to January 2011.
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detail into a complete and reliable method, able to rapidly catch the attention of 
the analysts [10].

A second decisive aspect is the insistent effort to transform HPTLC into 
a complete technique tailored to face the phytochemical problems. Thus, 
the densitometric approach allowed the solution of one of the TLC deficien-
cies: bi-dimensional visualization and quantification. The 3D plot based on 
multiwavelength scan of the plate gives an impressive look: in multiwave-
length densitometry each track is scanned with up to 31 selected individual 
wavelengths of the electromagnetic spectrum, from UV to visible. Plotting 
against Rf and adsorption values generates a three-dimensional plot of the 
tracks of the plate, best evidenced by different colours for each track or 
wavelength (Fig. 3).

2008 2009 2010 2011

Number of scientific
papers per year

0

50

100

150

FIGURE 1 Evolution of scientific papers dedicated to HPTLC. 2011 up to January.

FIGURE 2 Geographic distributions of the provenience of the papers dedicated to HPTLC. India 
accounts for 64% of the total number.
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The New Epiphany of Planar Chromatography

Yes, but where is HPTLC going? Let have another look to the published papers. 
About 1/3 are dedicated to standardization and identification of pharmaceuti-
cal products and drugs, but more than 2/3 are focused on studies of medicinal 
plants and natural products mainly in the pure phytochemical tradition. This is 
confirmed by the distribution of papers among the different classes of natural 
substances: terpenes are predominant (33%), followed by phenols (26%) and 
alkaloids (15%), whereas primary metabolites account only for 10% (Fig. 4).

However, it is possible that this situation will rapidly change. As already 
for TLC, the importance of HPTLC will not be within the research, but in the 
applications, according to the requirements of the moment. Therefore, the aim 
of this paper is to show applications of HPTLC in the food supplements sector, 
in order to offer a picture of a part of the present and a glance at the near future.

HPTLC Fingerprint and Botanicals

The full power of HPTLC comes from the proper use of each device in an inte-
grated system [8]. Frequent goal of HPTLC is the fingerprint, as authentic maker 

FIGURE 3 Example of 3D densitometric chromatograms at 350nm. Each profile corresponds 
to a track where the intensities of the spots can be appreciated and measured in order to obtain a 
quantification of the separated substances.
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of the biological complexity. A fingerprint is the individual chromatographic track 
representing, as near as possible, a mixture of organic substances. By the finger-
print approach, it is not only possible to obtain a proper identification of the plant 
material, but also to determine and accept the limits of the biological changes. This 
approach can be pursued also by other techniques [11–13], but HPTLC usually 
prevails for the quantity of information that can be easily obtained.

In the tradition of planar chromatography usually the identification of a sub-
stance is obtained by comparison with selected standards and in this analytical step 
the efficiency of the separation that can be obtained in HPTLC is clearly crucial 
(Fig. 5). In the multiwavelength chromatogram the position of the peak maximum, 
as a consequence of the retention of the substance, can be used for identification in 
qualitative analysis and, also in a crowded track, the identity of a spot with the stan-
dard can be selectively visualised and evidenced, as well as confirmed by the direct 
analysis of the proper UV spectrum of the spot. Another improvement of this appli-
cation is that the intensities of peaks can be used for quantitative determinations.

After integration of the chromatogram and quantification to a reference 
standard, the height or the area of each peak can be measured by a detector 

FIGURE 4 Distribution of published papers among the different classes of natural substances as 
reported in the scientific literature.

FIGURE 5 Examples of clear identification of reference standards in complex mixtures: on the left 
plate, tracks: 1, 2, Senna extracts; 3, rhein; on the right plate: 1–8, St John’s wort extracts; 9, hypericin.
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responding to a charge of mass per unit of time, as in other techniques, e.g., 
HPLC [9,14] and NMR [11,13]. Also in this case, the presence of noise and 
asymmetry of the peak (tailing or leading), that means quality of the plate, are 
important. Other parameters concern the wavelength that must be selected at the 
highest absorption of the sample or at least at the maximum to ensure sensitive 
detection.

Benefits from HPTLC

It is important to reflect on advantages of HPTLC in order to understand its pos-
sible applications. Each step of the analysis must be paired with the appropriate 
device and referred to the main goal, which is the chromatogram as a plate filled 
by sequences of evident spots, dark, coloured and fluorescent. Many samples, 
up to 72 (usually 20) on a 20 × 10cm HPTLC plate, can be analysed side-by-side 
in the same conditions by a rapid parallel screening, also including the use of 
selected standards. The improvements in the quality of the planar chromatog-
raphy obtained by the use of HPTLC approach and proper devices are evident 
and can be discerned step-by-step, starting from the deposition. Fig. 6 shows the 

FIGURE 6 TLC plates: comparison between manual (first plate) and instrumental applications 
(second plate) of the same plant extracts.
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comparison between manual and instrumental application of the same extract 
on a simple TLC plate. The improvements using this simple change are evi-
dent, although the spots are clearly the same. The used instrumentation has 
been developed to face the problem of complex mixture of natural products that 
means controls of the performance conditions, high quality separation and best 
visualization of the plate. In any case, each analysis must be considered as a 
single problem and several parameters, e.g., elution solvent systems, concentra-
tions of the samples, etc., must be carefully considered. Many preliminary tests 
must be performed in order to achieve the adequate results.

After development and before derivatization, the same plate can be visualised 
in different ways, using lights at different wavelengths, like white light, UV254 
and UV366nm, followed if necessary by particular detection using a derivatiza-
tion with selected reagents (Figs. 7 and 8). The multiple detections can give a 
lot of information and the visualization can be optimized and stored at the best 
possibility by scanning and acquisition in the computer memory. Once in the 
computer the images of the tracks obtained using different visualizations can be 
compared with the database containing the data of plates obtained in variable 
times or in variable places (Figs. 9 and 10). A plate made in Rome can be easily 
and immediately compared with another one made under the same conditions 
and with the same apparatus at New Delhi.

Figures 11 and 12 show the identification method of a reference standard 
in complex mixture using the Videoscan conversion. The interpretation of the 

FIGURE 7 TLC analysis, obtained by manual application and development in a tank, of St John’s 
wort extracts (Tracks 2–4; 8–10; 13) and selected flavonoids standards (Tracks 1; 5–7; 11, 12).
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HPTLC results is immediate and very simple. Any type of experience or spe-
cific knowledge is not necessary to understand the tracks of a plate, especially 
in the case of comparison. The operation of the plate is easy and it does not need 
a dedicated operator with years of experience, a normal knowledge for the use 

FIGURE 8 HPTLC analysis of the same extracts of Fig. 7 using instrumental method and con-
trolled conditions. Tracks: 1–4, St John’s wort extracts; 5, hypericin; 6–19, flavonoids standards.

FIGURE 9 Visualization of a HPTLC plate at UV254nm. Mobile phase: ethyl acetate, acetone, 
formic acid, water (15:9:3:3). Tracks: 1–3, extracts of Echinacea spp. with different extraction 
methods and times; 4, chlorogenic acid (not evident); 5 and 6, extracts of liquorice with differ-
ent extraction times; 7, monoamine glycirrinate; 8–10, Harpagophytum procumbens with different 
extraction methods and times; 11, harpagoside.

FIGURE 10 Visualization of the same plate of Fig. 9 at UV366nm. Glycirrinate (track 7) and harpa-
goside (track 11) are not visible in these conditions, whereas chlorogenic acid (track 4) is now evident.
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of common software is enough. This is in contrast with the dominant trend in 
chemical analysis.

Unfortunately, in the last years analytic chemistry evolved in a persistent search 
of high specialization, enormous cost and difficulties for ordinary people to under-
stand what is going on. A pernicious tendency is common to many applications of 
chemistry knowledge. Among the consequences of a precious insistent specializa-
tion, there is the lost capacity to obtain a total glance of the composition. The real 
risk is the capacity to check the presence of minimum quantity of a substance and 
to be blind in detection of other substances present in high quantity.

One Picture is Worth Ten Thousand Words

Several parameters must be considered in quality control analysis using HPTLC. 
Flexibility is derived by the multiple parameters that can be used to affect the 
separation. Although universally silica gel is the first choice and a pair of solvent 
systems can be adopted to obtain engaging results in any case, a wide choice of 
mobile phases can be combined with different stationary phases. Change of the 

FIGURE 11 HPTLC fingerprints of extracts of Harpagophytum procumbens corresponding to 
tracks 8–10 of Fig. 9 in comparison with the selected standard (harpagoside). Mobile phase: ethyl 
acetate, acetone, formic acid, water (15:9:3:3). Derivatization: anisaldehyde. Visualization: white 
light. Tracks: 1–3, Harpagophytum procumbens extracts at different concentrations; 4, harpagoside.
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mobile phase allows adapting the chromatogram to different classes of natural 
substances and their different polarities and chemical functionalities, as usual in 
a herbal extract and is very useful to confirm the identity of constituents against 
selected standards.

Quality can have a commercial value when it can be visualised and materi-
alised in understandable data. The polychromatic plate exerts a beautiful appeal 
and owns an intrinsic value. The main target of HPTLC is in practical appli-
cations on herbal raw materials and their derived products, in order to reply 
quickly to simple but economically important questions.

The most common case concerns the identity of the used herbal raw material, 
generally present in the form of an extract. In this case, to confirm the identity, 
the analysis can use the comparison with selected standards and/or another extract 
whose composition is known. Thus, in the case of an extract of leaves of Passion 

FIGURE 12 Visualization of plate of Fig. 11 using the Videoscan conversion. Spots are converted 
in peaks and the tracks converted in sequence of peaks. The harpagoside standard is the track 11 and 
its presence is confirmed by the identity of the peaks of the other tracks at selected wave. Intensities 
of peaks can be used for quantitative determination.



230 Studies in Natural Products Chemistry

flower, Passiflora incarnata, the fingerprint of the extract was compared with sev-
eral flavonoids and a known extract, owing to the complexity and both the infor-
mation resulted were useful (Fig. 13). The use of reference harmane alkaloids, 
considered among the most important active principles of Passion flower, was 
discarded because of their great variability, either in the plants or in the extracts.

Using a longer time for the extraction is the result improving? The finger-
print of two extractions at 12h and 21 days shows the absence of evident differ-
ences in some studied cases (Fig. 14).

After the extraction process, does the cake still contain interesting com-
pounds and perhaps could a further extraction be useful? Are the products 
obtained by selected plants and with a special method of extraction different 
and better against other similar market products? The plate reported in Fig. 15 
evidences the differences in the fingerprints of market products obtained from 
neem, Azadirachta indica (see later for further details).

FIGURE 13 Analysis of extracts of Passion flower using the HPTLC fingerprint, in compar-
ison with flavonoids standards and a reference extract. Mobile phase: THF, toluene, formic 
acid, water (16:8:2:1). Derivatization: anisaldehyde. Tracks: 1–3, methanol extracts of Passion 
flower; 4, rutin; 5, hyperoside; 6, vitexin; 7, isovitexin; 8, chlorogenic acid; 9, hydroalcholic 
extract of Passion flower. Plate on the top, visualization: white light. Plate on the bottom, visualization: 
UV366nm. Isovitexin standard resulted very similar, also in the impurities, to the central spots 
of tracks 1–3, whereas track 9 presents some additional spots, probably due to a different extraction 
method.
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With one HPTLC plate we can answer the most common questions of the 
herbal market. Is it the right species? Which is the best among the proposed raw 
materials? Is our extract comparable or even better than those in the market? 
Did the extract remain stable during the storage? Are there remaining traces of 
the solvent? Is any adulterant present? Necessary, each of these questions means 
money. Usually, each of these questions needs a quick and simple reply. Clearly, 
each of these questions implies quality and its determination by analytic con-
trols. In planar chromatography, quality is inherent with the quantity of spots in 
the track and their evidence in the visualization process that means efficiency, 
the peculiar strength of HPTLC.

This efficiency is reported in these and other examples concerning analyses 
of extracts obtained from industries, commercialised with the same name, like 
the plate reported in Fig. 16.

FIGURE 14 HPTLC analysis of Cynara scolymus and Cassia senna extracts obtained with the 
same apparatus but at two different times, compared with specific standard. Mobile phase: THF, 
toluene, formic acid, water (16:8:2:1); Derivatization: anisaldehyde. Plate on the top, visualization: 
UV254nm. Plate on the bottom, visualization: UV366nm. Tracks: 1,2, extracts of artichoke after 
12h and 21 days, respectively (differences are minimal); 3,4, extracts of artichoke from the market; 
5, cynarine; 6, chlorogenic acid; 7, rutin; 8, luteolin; 9,10, extracts of senna after 12h and 21 days, 
respectively (differences are minimal); 11, rhein.
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FIGURE 15 HPTLC analysis of different neem (Azadirachta indica) products. Mobile phase: 
toluene, ethyl acetate (4:6). Derivatization: anisaldehyde. Plate on the top, visualization: UV366nm. 
Plate on the bottom, visualization: white light. Tracks: 1, neem oil marketed in Italy extracted with 
ethyl acetate; 2, neem oil marketed in India extracted with ethyl acetate; 3, neem oil marketed in 
Italy; 4, neem oil marketed in India; 5,6, neem cakes extracted with ethyl acetate; 7,8, neem cakes 
of tracks 5 and 6 furtherly extracted with ethyl acetate and concentrated; 9, nimbin; 10, salannin;  
11, azadirachtin A. The red spots visible at UV366nm are mainly fatty acid constituents (determined 
by isolation and NMR).

FIGURE 16 HPTLC analysis of commercial neem cakes products. Mobile phase: toluene, ethyl 
acetate (4:6). Derivatization: anisaldehyde. Visualization: white light. Tracks 1–9 neem cakes from 
different producers or sellers, 10, nimbin; 11, salannin; 12, azadirachtin A. The different composi-
tions are evident in particular for the lipidic constituents, e.g., main spots at high Rf values in tracks 
4,5,7,8 that are practically absent in tracks 1–3. The pink line near the front line is due to the absence 
of a pre-cleaning of the plate. Therefore, to avoid this effect before the analysis, the plate must be 
first eluted with methanol and carefully dried.
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Biodiversity Consequences

Variation is a biological characteristic and the advantage of victorious competi-
tors in life evolution struggle. Accumulation of secondary metabolites in plants 
is influenced by an enormous quantity of environmental factors, as well as by 
harvesting and post-harvesting conditions, like herbal processing, storage con-
ditions, extraction processes and others.

The result is great difference in concentrations of constituents and prob-
lems with regulatory authorities. Again, the temptation is to treat living 
organisms as biofactors for production of useful molecules. Herbal medi-
cines continuously face quantitative problems, owing to the final aim of 
obtaining the standardization of herbal extracts. Most of commercial herbal 
raw materials would be kept out of the market by too narrow and rigid quan-
titative limits. On the other hand, the absence of any quantitative reference 
will have a negative impact on the quality of the commercial raw materials 
and their derived products. Although diversities in fingerprints of the same 
species can be observed, this usually affects the areas of the peaks and not 
their presence.

Pre-requisites are the authentication of raw materials as well as the presence 
of specific compounds considered important for the activity. Both targets can be 
achieved by the HPTLC fingerprint.

HPTLC fingerprint can be used in direct revealing of chemical profiles of 
the mainstream of market products. Lots of the same product can be compared 
in the same plate and quantities assessed by densitometric inspection. Applica-
tions of HPTLC fingerprint are here reported in the steps of botanicals birth and 
development: (a) selection and identification of raw materials; (b) extraction 
and transformation; (c) checking of the final product; and (d) adulteration and 
falsification.

Vegetal Body Identification

Regulatory documents on medicinal plants, including Pharmacopoeias [15], are 
in persistent search of methods for identification and determination of herbal 
matrices. In a global market, several new species are already used for several 
years, but they are still waiting a legal recognition; meanwhile other plants are 
used instead of or confused with the traditional ones. The HPTLC fingerprint 
approach can give an easy differentiation of the different species, certifying in 
some cases also the geographic origin, as reported in the HPTLC volume of the 
Chinese Pharmacopoeia [16] (Fig. 17).

CASE STUDIES

Variations at Species Level: The St John’s Wort Case

The study of St John’s wort, Hypericum perforatum, shows the evidence of vari-
ation in secondary metabolites production by plants of the same species. In this 
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case, the use of standards is crucial. Raw materials, consisting of fresh aerial parts 
collected in different regions of Italy in the flowering period, were examined by 
HPTLC fingerprint. The plate showed similar profiles of methanol extracts of 
fresh flowering plants, as the evidence of the same basic composition, typical of 
the species, but variances in intensities are equally clear. In particular, the analy-
sis needed to be completed by the comparison with several standards (Fig. 18). 
The HPTLC showed in all the populations the presence of several flavonoids, as 
well as that of hypericin as an evident red spot, coupled with that of pseudohy-
pericin at lower Rf. In Italy, nowadays a definite rapport between hyperforin and 
hypericin is asked for marketing food supplements containing St John’s wort, 
but this is clearly against the natural variance of this species, as evidenced by the 
HPTLC analysis. In the analysis it was included a commercial extract, among the 
most used in Italy, whose fingerprint evidences a clear difference with the other 
extracts including a strong diminution of hypericin concentration.

FIGURE 17 The volume of the Chinese Pharmacopoeia reporting the HPTLC fingerprints of the 
most important herbs of the Chinese medicines market.



235Chapter | 8 The Modern Analytical Determination of Botanicals

OH O OH

OHH3C

H3C

OH O OH

OH

hypericin

OHO

OH

OGluRham

O

OH

OH

rutin

FIGURE 18 Comparison among different populations of Hypericum perforatum. Mobile phase: 
formic acid, water, ethyl acetate (10:5:85). Derivatization: the layers were treated with a solution 
containing the Natural Product Reagent (NPR) (1g diphenylborinic acid aminoethylester in 200mL 
of ethyl acetate), dried in the open air and then dipped into Macrogol reagent (1g polyethylene gly-
col 400 in 20mL of dichloromethane). Visualization: UV366nm. Tracks 1,2, 4–8 fingerprints of St 
John’s wort extracts collected in different Italian regions at the same vegetative period (flowering),  
3, fingerprint of a commercial extract; 9, hypericin; 10, hyperoside; 11, rutin; 12, quercetin;  
13, isoquercetin; 14, chlorogenic acid; 15, luteolin: 16, apigenin. The presence of hypericin is  
evident as a red spot (the lower coupled red spot is pseudohypericin), as the differences in its concen-
trations are also evident. Other differences concern the presence and quantities of some flavonoids.
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Variations at Genus Level: The Equisetum Case

Other similar studies were focused on the genus level, for products contain-
ing horsetail, Equisetum spp., whose stem extracts are well known for their 
diuretic and haemostatic properties [17–19]. According to the European Phar-
macopoeia [20] only Equisetum arvense should be used in case of urinary 
tract inflammation, but other species such as Equisetum maximum, Equise-
tum ramosissimum may be present on the market, including the toxic Equise-
tum palustre. The HPTLC fingerprints of methanol extracts of 10 samples of 
Equisetum raw materials from different manufacturers and countries of ori-
gin were examined. They were compared with the E. arvense stem reference 
standard of Pharmacopoeia (E, arvense CTS) and with the chemical reference 
standard solution of the European Pharmacopoeia, which contains caffeic 
acid, hyperoside and rutin. Five samples were in accordance with that of the 
E. arvense CTS, as well as two other samples, generically named “Equise-
tum”. Two other samples, named E. maximum, gave fingerprints valid for the 
specific fingerprint of E. maximum, as well as one sample, generically named 
“Equisetum” (Fig. 19).

Differences in fingerprints of the same species were mainly quantitative and 
are more readily discernible in densitogram, thanks to the three-dimensional 
visualization (Fig. 20).

The same samples were examined by HPLC, obtaining similar and compa-
rable results.

FIGURE 19 HPTLC of Equisetum spp. Mobile phase: ethyl acetate, formic acid, water (82:9:9). 
Derivatization: NPR and Macrogol. Visualization: UV365nm. Tracks: 1,11, E. maximum; 2,5,7,8,10, 
E. arvense; 3,4, identified as E. arvense on the basis of the fingerprint; 6, caffeic acid, hyperoside 
and rutin; 9, identified as E. maximum on the basis of the fingerprint; 12, E. arvense CTS, from 
European Pharmacopoeia.
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Control of Quality in the Processing Level: The Neem Case

Qualitative assessment of raw materials must be beyond the mere identification and is 
usually linked to the chemical composition.

In particular, we examined the composition of several products marketed by 
the name of neem cake. Neem tree (A. indica), also known as nimba, native of 
India, features a long traditional utilization in agriculture and Ayurvedic medicine, 
but currently there is a huge amount of products obtained from this multipurpose 
tree, due to the medicinal, anti-fungal, anti-bacterial and insecticide properties. 
The main use of neem is not directly medicinal, but in some way we are in the 
same context, since insects transmit serious diseases like malaria, filariasis, den-
gue, haemorrhagic and yellow fever, that means millions of deaths every year. 
After a long devastating use of chemical insecticides, whose adverse effects on 
environment, operational cost and community acceptance are evident, numerous 
plant products are in use or have been reported as one of the best alternatives for 
killing larvae or adult mosquitoes or as repellent for mosquito biting. Neem, iden-
tified by WHO/UNEP1989 as an environmentally powerful natural pesticide, is 
considered to be one of the most promising trees of the twenty-first century for its 
great potential in pest management, environment protection and medicine. There 
are about 14 million neem trees growing only in India and the plant is adapted 
to subarid and subhumid areas of tropical and subtropical zones, and therefore 
widely spread and introduced in many countries, from Cuba to Australia.

Reported activities of neem against insects are antifeedant, ovicidal, fecundity 
suppression, growth regulation and repellence, but the treasures of neem are in the 

FIGURE 20 (A) 3D densitometric analysis of samples reported in Fig. 19. (B) Typical fingerprint 
of “Equisetum”.
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environmental care. Control of crop pests has led to the adoption of eco-friendly 
natural insecticides, whose minor pesticidal efficacy is balanced by environmen-
tal safety and public acceptance. When produced with respect to their natural 
origin, neem products have low toxicity to birds, fish and mammals, and they 
are less likely to induce resistance due to the multiple mode of actions, including 
the weakening of the cuticle defence system of larvae, because of the richness of 
the phytocomplex. In addition, most of the active components are decomposed 
by exposure to solar light. The most important commercial product is the oil, 
obtained by several methods from the seeds. Neem expeller oil is manufactured 
by cold pressing neem kernels from handpicked and cleaned neem fruits and 
seeds. Neem oil acts as an insecticide and protects plants and crops against pests.

Neem can be considered the Mt. Everest of the analytical study. Neem seeds 
contain more than a hundred of biologically active compounds and at least the 
same number of other important constituents was identified. However, other con-
stituents are actually found. Among active principles as botanical insecticides, 
extracted from neem, several complex tetranor-triterpenoid limonoids must be 
considered responsible for both antifeedant and toxic effect in insects: azadirachtin 
A, the predominant component, azadirachtin B, nimbin, salannin and related com-
pounds, that have proven to be effective in the control of agricultural pests [21]. 
The most famous constituent, azadirachtin, evidences 7 cycles, 16 stereogenic 
centres and an exceptional quantity of oxygen, causing the synthesis approach 
an enormous problem, only recently elegantly solved. Other considerations must 
be assigned to the strong natural variability and the availability of the standards, 
considering the difficulty of separation and the low stability of these compounds.

There is a huge scientific literature, which reveals both the antifeedant and 
the physiological effects of these substances. Reported contents of azadiracthin 
A in the different formulations of neem expeller oil greatly change from 300 to 
2000ppm. Neem cake is the raw material derived by cold pressing neem kernels. 
There is an increasing interest in the exploitation of exhausted materials, but their 
validation needs great technologic and scientific efforts. Neem cake is commer-
cially important for its use as fertilizer, as well as potential insecticide [22].

By the HPTLC the analysed neem cakes are different, depending upon the 
extraction process used, the different origins and the method of commercializa-
tion. In particular, the content of fatty constituents appeared highly variable, in 
some cases predominant and highly influencing chemical–physical properties 
as well as possible utilizations. The HPTLC can show either the identity of the 
plant and the presence and quantities of different constituents, including the 
active nor-triterpenes (Figs. 16 and 21).

As a matter of fact, the HPTLC study of neem cake products (Figs. 21 and 22) 
showed the different presence of fatty acid constituents, clearly visible at UV366nm 
as red spots, whereas nor-triterpenes, due to their oxygenated nature, are confined 
at lower Rf values. To evidence the salannin it was necessary to use the derivatiza-
tion and the inspection at the white light. However, the analytic attention was 
focused on the middle of the plate, where three spots, mixed to several spots related 
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to fatty constituents, were very evident at the UV366nm in tracks 14–16. These 
compounds should be considered the markers of the neem cake products, albeit 
they can be overlapped by fatty acids as evident in several tracks (Figs. 21 and 22).

O

O

OAc

H

H

O
O

H3C

OH

OO

CH3

O

O

CH3

HO

CH3

O

CH3

O
O

H
OH

H

H

CH3

azadirachtin A

O

O
O

OAc

H

H

CH3

O

O

CH3
CH3

HH

CH3
H3C

O

O
H3C

salannin

CH3

O

OAc
O

H

H

CH3

HH

CH3
H3C

O

O O

CH3

O O CH3

nimbin



241Chapter | 8 The Modern Analytical Determination of Botanicals

O

O

OAc

H

H

O
O

H3C

OH

OO

CH3

HO

CH3

O

CH3

O
O

H
OH

H

 azadirachtin B

H

O

O

CH3

CH3

FIGURE 21 HPTLC fingerprints of neem products (on the right side) and selected standards (on 
the left side). Mobile phase: toluene, ethyl acetate (4:6). Derivatization: anisaldehyde. Visualization: 
white light. Tracks: 1, azadirachtin A; 2, azadirachtin B; 3, azadirachtin D (11-epi-azadirachtin A); 
4, 11-deoxy-azadirachtin A; 5, nimbin; 6, salannin; 7, the previous standards all together; 8, neem 
oil marketed in India; 9, methanol extract of neem cakes from India; 10–15, methanol extract of 
commercial samples of neem cakes; 16, ethyl acetate extract of neem cake sample 14.

FIGURE 22 The same tracks of Fig. 21 visualized at UV366nm. In particular, by separation and 
NMR identification the main red spots evident in the middle of the tracks 9–11 resulted as a mixture 
of fatty acids.
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Into the Market: The Henna Case

To tell about henna, it is necessary to start from the beginning of Phytotherapia. 
The oldest example of Materia Medica is contained in the Ebers Papyrus. A 
total of 20 metres of papyrus written in the ancient Egypt about 1500 BC, but it 
is believed to have copied from earlier texts, perhaps dating as far back as 3400 
BC. Among the some 700 magical formulae and remedies, a detailed cover-
age was dedicated to henna as tribute of the complexity of this product and its 
plant, Lawsonia inermis. Seven types of henna were catalogued according to the 
origin. KPR, the ancient Egyptian name, “from the north”, “from the fields”, 
“from the marshes”, were specifications of quality, since the soil and moisture 
affect henna composition, in particular in the content of the most important con-
stituent, lawsone (2-hydroxy-1,4-naphtoquinone). Moist, fertile, cool conditions 
produce low lawsone content, the contrary of dry, hot, iron-bearing soils. Thus 
Ebers Papyrus gives us the first indication for the quality of product: in fact, 
henna can have different contents of lawsone in different conditions of soil and 
moisture, with variations from 0.17 to 0.60wt%. The Papyrus contains another 
indication: “knots of henna”, “thorns of henna”, “henna grass” means parts of 
the plant specific to age and growth cycle and, as reported in analytical quanti-
fications, lawsone content varies according to the time of collection. The third 
indication is related to the treatments, like the mixture with other herbs, mainly 
aromatic, and/or the addition of ingredients to create a mildly acidic paste or the 
adding olive oil or resin to handle the paste. These treatments could be related to 
the different medicinal use, like in fungal or bacterial infections. In conclusion, 
the Ebers Papyrus contains the current observations on the differences in henna 
products according to the growing areas, the used plant parts and the addition of 
other ingredients. These indications are still at the basis of any careful analytical 
study. In other words, the analysis of a botanical can be completed by a series of 
information and knowledge useful to tailor the work.

O

O
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OH

From ancient Egypt and neighbour countries, the use of henna has continued 
for thousands of years in Arabian countries and nowadays it is expanded all over 
the world. The main use is cosmetic, to dye hair and nails and for decorative 
body painting. However, the use of hair dyes has dramatically increased dur-
ing the last decades. Several types of henna are on the market: commercial red 



243Chapter | 8 The Modern Analytical Determination of Botanicals

henna is based on L. inermis, black henna on Indigofera tinctoria, neutral henna 
on Cassia obovata and blond henna on C. obovata with addition of several other 
plants. The colouring action of red henna is usually due to lawsone, present in 
the leaves together with its glucosides (hennosides). In the dried leaves, besides 
lawsone (0.5–2%), other compounds are also present, co-occurring in the activity 
as well as in characterization of the raw material, like polyphenols (flavonoids, 
gallic acid) and glucides. Henna is considered safe, although one study claimed 
that the application can induce a severe haemolytic anaemia and may contribute 
to neonatal hyper bilirubinemia. However, a real toxicity for henna should be 
excluded on the basis of investigations on large populations and on consumers 
or professional exposures. The lawsone position is different: its content has to be 
checked and essayed for its potential toxicity because some cases of renal dam-
age and bladder cancer have been reported. Thus, in EU the content of lawsone 
in cosmetic preparations must be avoided and limited to 1.5% in products based 
on Henna [23] and declared in the label. Furthermore, the Scientific Committee 
on Cosmetic Products and Non-Food Products declared that no safe threshold 
for lawsone can be established. In any case, there is an interest in determining 
the lawsone content in cosmetic agents, owing to the wide variation of quality. 
Meanwhile the demand of henna is increasing, at the same time the number of 
henna powders on the market is growing, including the case of adulterations with 
other dying substances to reinforce the activity, like the adding of picramate and 
picramic acid, whose concentration in cosmetic products must be below 0.1% 
according to the Cosmetic Ingredient Review. Another example concerns the 
paraphenylendiamine, present in the black henna or henna, as a possible cause 
of cutaneous irritations and burns. However, most of the quality problems are 
related to plant ingredients: henna can contain fruits and twigs, as well as parts 
of other plants. The aim of the addition of other plants or natural or chemi-
cal substances could be the modification of the hair colour or to improve the 
penetration or the fixing of the dye or to reinforce the hair colour or to improve 
hair-protection, effects given by a lot of associated additives, from keratin to 
heavy metals, from diaminotoluenes to benzocaine. Actually, natural henna has 
very low allergic potential, and allergic reactions are caused by the chemical 
colouring additives that are added to henna mixtures to improve or modify dye-
ing. Several products marketed as henna do not contain any natural constituent 
or only in low quantity.
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It is now clear the quantity of arguments calling for the intervention of HPTLC. 
In comparison with other techniques, HPTLC can give a set of analytical data 
able to provide a more complete figure of these very complex products, that 
we use to call henna. As a matter of fact, there is great concern about the qual-
ity determination of imported raw materials for producers and about the safety 
of dyeing products. It is conceivable that henna consumes will dramatically 
increase in the next years, owing to a request as cosmetic dye for grey hair in 
connection with the ageing necessities and as alternative to permanent tatoo.

HPTLC application on henna started in 2007 with determination of lawsone 
in henna powders, showing considerable variation from 0.004% up to 0.608%wt 
(Fig. 23) [24].

Later, the HPTLC fingerprint allowed to compare raw materials, powders 
collected from starting materials producers and their commercial products 
(Figs. 24 and 25).

The study was completed with the comparison of fingerprints of L. iner-
mis, I. tinctoria and C. obovata, by three-dimensional visualization. HPTLC 
fingerprints were compared with those obtained by HPLC which gave similar 
results [24].

Coloured Investigations: The Jinshenkang Case

So far, limited but significant cases of adulteration, substitution or changes, 
with the aim of improving efficacy, have been reported and could invert the 
positive attitude of consumers about botanicals. Dangers mainly come from the 
utilization way. Registered products are prescription drugs that must be used 
under medical supervision, whereas herbal products are self administered and 
generally regarded as being harmless because of their natural origin. Quantity is 

FIGURE 23 HPTLC fingerprint of henna market products. Mobile phase: ethyl acetate, formic 
acid, water (82:9:9). Derivatization: NPR and Macrogol. Visualization: UV366nm. Tracks: 1, law-
sone (not visible in these conditions); 2,3,6,7,8, Lawsonia inermis; 4, Cassia obovata; 5, Indigofera 
tinctoria; 9, 10, Isatis tinctoria; 11, 12, products based on mix of Lawsonia with other plants: the 
track 11 evidences major content of L. inermis and track 12 appears like a mixture.
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FIGURE 24 HPTLC of raw materials used for henna products in comparison with lawsone. 
Mobile phase: ethyl acetate, methanol, NH4OH 5N (60:15:5). Visualization: UV254nm. Tracks: 
1–3, Lawsonia inermis; 4, lawsone; 5, 6, Isatis tinctoria; 7, henna product containing both plants 
(sample of track 12 in Fig. 23).

FIGURE 25 UV comparison of henna products with lawsone as reference confirmed the analysis 
of Fig. 24. Tracks: lawsone as reference, Isatis tinctoria, and product (track 7 in Fig. 24) containing 
a mix of Lawsonia inermis and I. tinctoria.
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strictly considered in case of constituents of prescription drugs, whereas in food 
supplements the frequent and additional use is conceived and often promoted, as 
a consequence of the erroneous paradigm “natural herbs and plants are always 
safe”. However, if natural substances can be dangerous, synthetic products are 
potentially toxic. Meanwhile, the phytovigilance alerts about important nega-
tive effects due to the spiking between natural and synthetic ingredients.

Controls should be based on simple, viable, comprehensible and low cost 
methods, but, in particular in this case, speed is a pre-requisite since deceitful 
producers use to change frequently composition and traceability, in order to 
avoid controls and punishments. In several cases an expert glance at the right 
HPTLC is enough to pick up the adulteration and go on with further studies.

As well known most problems come from the products that can be obtained 
by Internet-based sales, in particular an increasing market including herbal 
dietary supplements for the enhancement of sexual function and promoted as 
natural alternative to Viagra for curing impotence [25]. In these cases adultera-
tion is a purposeful falsification. Emblematic the study that was performed on 
the product named Jinshenkang, or Sensual Tea, heavily present in Internet web-
sites as able to rapidly solve any sexual problem of females and males without 
any collateral effect. The composition reported several herbal extracts, includ-
ing Asiatic ginseng and other plants considered as aphrodisiacs. The examined 
product, once also marketed in Italy, came from Spain where first analyses did 
not evidence any adulteration (the product was now removed from the market). 
On the contrary, HPTLC showed a suspect great spot very strong at 366nm UV 
lamp (Fig. 26).

FIGURE 26 Comparison between Jinshenkang and PDE-5 inhibitors. Mobile phase: dichlometh-
ane, methanol (9:1). Detection: UV366nm. Tracks: 1–3, ethyl acetate extracts of Jinshenkang at 
different concentrations; 4, sildenafil; 5, vardenafil.
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Its Rf value was very similar to those of sildenafil and vardenafil, the PDE-5 
inhibitors approved as anti-impotence drugs for the treatment of erectile dysfunc-
tion, but the sensitivity of HPTLC plate excluded the identity with these sub-
stances, as also confirmed by densitometry analysis, that showed different UV 
absorptions. A simple extraction with ethyl acetate afforded a complete removal 
of the substance from the product and the direct NMR spectrum of the dried 
extract resulted in an almost pure compound identified as thiosildenafil (Fig. 27).

The analysed Jinshenkang product came from 2009 market, whereas the 
analysis of a 2008 product revealed the unique presence of sildenafil: therefore, 
thiosildenafil, which has the same structure of sildenafil with an S instead of 
O, was artfully inserted to bypass the controls, too specific and specialised, 
as really happened. Both HPLC and HPTLC spectrometric analyses allowed 
ascertaining a quantity of the adulterant compound slightly superior to that con-
tained in a tablet of Viagra. Thiosildenafil has been detected in another Chinese 
similar supplement, but using complicated 2D and 3D DOSY-COSY 1H-NMR 
spectroscopy experiments [26], whereas other derivatives of sildenafil were 
detected using different analytic approaches [27–29].

Sildenafil, tadalafil and vardenafil, all PDE-5 inhibitors, have been approved 
as anti-impotence drugs for the treatment of erectile dysfunction. These are pre-
scription drugs and should be only taken under the supervision of a physician, 
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because of their side effects, such as headache, flush, dyspepsia, rhinitis, back 
pain and colour visual disturbances. Adulterated materials can therefore cause 
serious health problems if they are consumed as herbal “natural” products, 
generally considered deprived of toxicity by the consumers. It is evident that 
some manufactures act minor modifications on these structures to produce ille-
gal products containing such analogues in order to circumvent controls. To our 
knowledge, more than eight of such adulterants have been reported, including 
the thio derivative.

Also adulteration is a job, a questionable but complicated work. Thus falsi-
fiers know perfectly methods of investigation and adopt counteractions usually 
changing the composition of spiked products meanwhile or before control anal-
yses are performed. To be effective analysis must be not only precise, reliable, 
up to date, but also flexible, clear and chiefly rapid.

Other Examples

Other easy evidences of adulteration were obtained for the presence of nime-
sulide and bromhexine in some Italian food supplements. In the first case, 
the label reported only plant extracts but a simple HPTLC silica gel plate in 
toluene:ethyl acetate 2:8 for the ethyl acetate extract of the product practically 

FIGURE 27 1H-NMR spectrum of the ethyl acetate extract of Jinshenkang (without any purifica-
tion). The 10-N-methyl group in the pyrazolepyrimidine moiety changes its chemical shift (at ca. 
4.5ppm), in comparison with the spectrum of sildenafil (at ca. 4.15ppm), due to the different interac-
tions with the close heteroatom (S and O, respectively).
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showed a single main spot very evident in UV254nm light, with the same Rf 
of nimesulide standard. Often the presence of such strong spot is a good and 
immediate clue of the presence of synthetic ingredients. Direct NMR of the 
ethyl acetate extract totally confirmed the identification (Fig. 28).

NH

NO2

O

O2
S

nimesulide

The same analysis performed in another product of the same company con-
taining several extracts, including that of Adathoda vasica, allowed to evidence 
the presence of bromhexine (Fig. 29). In this case adulteration is more intrigu-
ing, being bromhexine a hemisynthetic product obtained by transformation of 
the alkaloid vaccine, contained in the same plant.

FIGURE 28 The confirmation of the nimesulide presence comes from the 1H-NMR spectrum of 
the ethyl acetate extract of the market product.
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Finally, the presence of indole alkaloids of reserpine type was revealed by 
HPTLC in a product recommended for the sedative properties, where no plants 
containing alkaloids were reported in the composition.

In comparison with other techniques, HPTLC allows immediate evidence, 
useful for a quick intervention, and permits the easy differentiation between very 
similar substances, but the exact determination of novel substances needs further 
analyses, namely the identification by NMR or MS, without or after separation.

Experimenting

The current exploration/exploitation of plant natural substances for their trans-
formation seems to be endless. New forms appear practically spontaneously 
and later wander looking for the necessary validation. The validation strictly 
depends by the available and selected scientific tools. In the case of products 
derived from extraction of the buds, generally obtained by the use of a ethanol/
glycerine mix, the effort is just started. These products have so far a restricted 
market, being mainly present in France, Italy and Germany.

In consideration of some characteristics, including the dilution method, they 
are associated to the homoeopathy, as reported in the French Pharmacopoiea. 
[30]. Nowadays, this is the only legal recognition, where the method for the 
preparation of these products is also reported. However, not all the manufactur-
ers follow these indications, increasing the confusion. Therefore, several prod-
ucts are present, such as M.G., i.e., glyceric macerate, or 1 DH, i.e., dilution 
according to the Homeopatic method, etc. (Fig. 30).

FIGURE 29 Marker peaks of bromhexine can be detected in the 1H-NMR of the product ethyl 
acetate extract.
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The relationship between homoeopathic products and the meristematic 
nature of the used plant organ generated the common idea that these products 
should contain irrelevant quantities of constituents and some primary metabo-
lites accompanied by few enzymes. In any case the quantities of the constituents 
should be very low and therefore the sensibility of the method should be very 
high. Furthermore, the analyses are complicated by the relevant presence of glyc-
erine. Another querelle concerns the real pharmacological properties of these 
products, generally considered like a placebo. However, if the activity is quite 
difficult to ascertain, the determination of the composition is another matter.

The HPTLC fingerprint approach was applied to this type of products in 
order to reach two main goals: to evidence the presence of constituents and to 
test their possible role in the identification of the utilized raw material.

The analysis of several products obtained from buds of several species evi-
denced tracks containing spots of several related secondary metabolites, in 
accordance with a specific fingerprint (Fig. 30). To obtain the fingerprint a con-
centration of the products was necessary.

The comparison with the mother tinctures showed a relevant correspon-
dence, allowing an easy botanical identification. The main argument in favour 
of HPTLC was the possibility to limit the interference of glycerine, that was 
practically confined near the starting line with limited or null influence on the 
chromatogram.

The products obtained in accordance with the French Pharmacopoeia 
responded better to the separation, whereas products obtained using more polar 
solvents presented several problems that must be solved with solutions ad hoc.

Therefore, the study can be considered a first necessary step in the pathway 
for the validation of these products. On the basis of the HPTLC analyses per-
formed, the following considerations can be proposed:
 (a)   HPTLC can be used to evidence the compositions of these products also in 

cases of complex mixtures
 (b)   the compositions of these products can be visualised and compared with 

those of ordinary extracts

FIGURE 30 Preliminary analysis of gemmoderivatives. Mobile phase: dichloromethane, metha-
nol (9:1). Derivatization: anisaldehyde. Visualization: UV366nm. Tracks: 1, Ribes nigrum MG; 
2, Ficus MG; 3, Tilia MG; 4, Rosmarinus MG; 5, Ribes nigrum EI; 6, Ficus EI; 7, Tilia EI; 
8, Rosmarinus EI; 9, Ribes nigrum 1DH; 10, Ribes nigrum MG; 11, Ribes nigrum EF; 12, Ficus 1 DH; 
13, Tilia 1DH; 14, Tilia MG; 15, Rosmarinus 1 DH.
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 (c)   the fingerprints of different products of the same plant appear similar but 
not equal, confirming the differences due to the different processes

 (d)   the interference of glycerine can be limited owing to its maintenance near 
the deposition line.

Due to the good results so far obtained further studies are now in progress to 
improve quality and visualization of the plates.

Limits and Shadows: The Bearberry Case

Nowadays, uses of herbal products are growing as well as the request of the 
global market for new useful species that causes also the introduction of alterna-
tive herbs instead of those traditionally used. HPTLC fingerprint was applied to 
evaluate the quality of marketed products based on bearberry leaf, commercially 
available as starting plant material (raw plant), in order to ascertain  identity, and 
to detect eventual adulterations.

However, the analysis resulted more complicated than expected and there-
fore a multidisciplinary approach, also based on NMR and HPLC, was per-
formed to identify Arctostaphylos spp. and the alternative plants, used in food 
supplements. In particular, the study revealed the presence besides the official 
species Arctostaphylos uva-ursi of other species and it was focused on Arc-
tostaphylos pungens (=A. glauca), owing to its increasing use instead of the 
traditional bearberry.

A. pungens is easy to collect in good quantity in Mexico, whereas the Euro-
pean A. uva-ursi is even more difficult to find and costly. The first species is 
nowadays increasingly used instead of the second, a well-known medicinal 
plant traditionally and therapeutically employed to treat urinary infections 
[31–33]. In bearberry the activity is attributed to arbutin, a glucoside metaboli-
cally converted into the corresponding aglucone, hydroquinone and then para-
quinone. A. pungens has morphological similarities with the official bearberry 
[34], but it presents a different story and can boast very few phytochemical data, 
including a high content in tannins (ca. 10%) and opposite information about 
the presence of arbutin.

O-Gluc

OH

OH

OH

O

O

arbutin hydroquinone paraquinone

Initially, HPTLC was used in order to obtain a clear chemical identification 
of the species present in the products (Fig. 31).
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The overall plate showed the presence of two groups of tracks: the one in 
accordance with A. uva-ursi and the other assignable to the A. pungens products 
(Fig. 32).

The assignments were confirmed by the presence of arbutin, as a clear strong 
spot in the bearberry’s fingerprint, whereas in the A. pungens track the same 
zone appeared confused and difficult to understand (Figs. 31 and 32).

The 1H-NMR spectrum of the ethyl acetate extract of the products of the 
two species gave results similar to the above ones, with analogous two sets of 
spectra, where the aromatic part showed clearly the pair of doublets due to the 
AA′BB′ system of arbutin in A. uva-ursi spectra, whereas in the A. pungens 
spectra the same zone was crowed of peaks, probably due to flavonoids, on 
the contrary practically absent in A. uva-ursi spectra (Fig. 33). Thus the pair of 
doublets typical of arbutin is not evident in A. pungens, being overlapped and 
confused with a great quantity of other peaks.

FIGURE 31 HPTLC of bearberry products. Mobile phase: ethyl acetate, formic acid, water 
(82:9:9). Derivatization: NPR and Macrogol. Visualization: UV366nm. Tracks: 1, unknown; 2, 5, 6, 
8, Arctostaphylos pungens; 3, 4, 7, 9, 10, A. uva-ursi.

FIGURE 32 HPTLC of bearberry products. Mobile phase: ethyl acetate, formic acid, water 
(82:9:9). Derivatization: NPR and Macrogol. Visualization: UV366nm. Tracks: 1–4, products con-
taining A. pungens; 5, arbutin; 6–10, products containing A. uva-ursi. The plate evidences the dif-
ferences between the two groups, albeit the fingerprints are very similar. The zone corresponding to 
the arbutin is quite complicate in A. pungens.
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However, the expert analyst knows some tricks to discover the clues of the 
analytic puzzle. The Gibbs reagent (2,6-dibromoquinone-4-chloroimide) is 
more sensitive to phenols, like arbutin, than NPR previously used. Using this 
revelation method further pushes were obtained to deepen the analysis, showing 
the presence of arbutin in A. pungens, also in low quantity.

Therefore, the identities of the utilised species were easily obtained, but 
not the arbutin content. This is an important point, since, as reported in Euro-
pean Pharmacopoeia [35], if the bearberry is used for therapeutic purposes the 
amount of arbutin must not be inferior to 7%, although so far this is not applied 
to food supplements. Quantitative determination can be afforded by the HPTLC 
densitogram (Fig. 34).

Again, the HPTLC method gave interesting results, but failed in affording 
an absolute quantitative determination on the content, because of overlap-
ping of peaks, as evident also in UV analysis on the zone at the arbutin Rf 
(Fig. 35).

However, HPLC-MS investigation was able to separate the peaks of this area 
and identify unequivocally the presence and quantity of arbutin. The substance 
was present in very different amounts in the two groups of products: arbutin 
in A. pungens resulted in low amounts (0.5–1.3%), much lower than those of 
A. uva-ursi, as obtained by the HPLC-MS analysis according to the literature 

FIGURE 33 The 1H-NMR spectrum of the ethyl acetate extract of the products of the two spe-
cies. On the top a typical spectrum of A. uva-ursi; on the bottom, a typical spectrum of A. pungens. 
Attention must be focused to the signals at lower fields (left parts): in this part of the A. uva-ursi 
spectrum only the signals of the aromatic part of arbutin are evident, whereas in the pungens a 
quantity of peaks do not make possible any assignment.
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FIGURE 34 (A) 3D Densitometric analysis of samples named “Bearberry”. (B) Their different 
fingerprints.

FIGURE 35 UV spectra on the spots at the same Rf of the arbutin standard in A. uva-ursi and A. 
pungens samples.
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data (6.30–9.16%) [36]. Thereby, the replace of bearberry with A. pungens 
would lead to a decline in activity, but other considerations can be advanced.

The beneficial effects of bearberry are widely appreciated and its antimi-
crobial activity in vitro is reported in several studies. It is assumed a pre-drug 
mechanism, where arbutin is adsorbed from the gastrointestinal tract unchanged 
and then hydrolyzed in alkaline urine into hydroquinone, responsible of the 
antiseptic and astringent effects. Although bearberry is considered safe for oral 
use, hydroquinone, used at high doses as single substance, can cause nausea, 
vomiting, [37] shortness of breath, cyanosis, convulsions, delirium and collapse 
and are reported oxytocic (inducing or increasing the rapidity of labour) and 
chronic use, especially in children, can cause liver impairment from the metab-
olites. Therefore, on the light of reported negative effects of hydroquinones, 
lower quantities of arbutin in A. pungens could be positive, if compensated by 
the action of flavonoids, whose anti-bacterial and anti-inflammatory activity 
in urinary infections has been reported [38], albeit scientific validations on A. 
pungens activity is necessary to confirm this hypothesis.

CONCLUSIONS

So What

In the comparison with HPTLC fingerprint applications, HPLC wins for bet-
ter resolution and sensitivity. However, the HPTLC method is rapid, universal, 
most cost-effective, easier and immediate in parallel comparison, identification 
and evident interpretation. Probably, the solution will be in a further improving 
of HPTLC resolution with sharper spots (experiments with nanoparticles are 
in progress) and in hyphenated techniques, like the already operating HPTLC/
MS or the incoming HPTLC/NMR. Meanwhile, colourful impressive images of 
HPTLC fingerprints can be interpreted also by inexpert but interested observers, 
renovating the unique miracle of pulling down the chemical puzzles and revealing 
the micromolecular world. So far, a unique privilege of planar chromatography.

The Nowadays Future

The word “fingerprint” evokes the scenario of the individual molecular DNA 
identification. However, the use of Molecular Biology, of CSI’s type, is not 
possible for plant extracts [39] and very costly in the other useful cases. The 
aforementioned approach of the introduction of HPTLC fingerprints in Chinese 
Pharmacopoeia is important and clearly goes in the direction of the formation 
of a reference Data Bank for each species or each extract. The formation of such 
generated HPTLC data bank would be generally accepted when the identifica-
tion, that means the comparison of tracks, will be obtained by computer analy-
sis. Thus, a HPTLC plate, performed in the defined conditions, is converted in 
its high quality digital version and it is sent to the HPTLC Data Bank, where it 
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will be analysed by the Computer Centre, the identification is quickly achieved 
and the reply is obtained and sent. Similarly, information about the differences 
with the standard tracks can be reached. In this way, if the HPTLC analysis and 
its interpretation could be assigned to specialised centres, the cost of the deter-
mination of quality for botanicals will be greatly decreased.

The Day After

It is possible that planar chromatography will follow the pathway signed by the 
evolution of scientific thought, culminated in the multidimensional approach 
revealed by maths and physics. TLC raised into a Cartesian bi-dimensional 
world marked by Rf values. HPTLC introduced the third dimension with the 
determination of the quantity, that means contents of the substances. If the 
technology will give us the possibility to assign easily structures to the spots 
(as already started with hyphenated HPTLC) and will furnish fingerprints of 
metabolic markers in subsequent steps of a physiological status, the door to the 
metabolomic world will be open, at last. From the photographs to movies. The 
time, the forth dimension, will give us the possibility to follow live the devolu-
tion of a cancer cell or the developing of a pathology.
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Chapter 9

Natural Antioxidants (NAO)  
of Plants Acting as Scavengers  
of Free Radicals

INTRODUCTION

Over the past several years, there has been an extraordinarily rapid growth in 
our knowledge of free radical chemistry and its possible involvement in both 
normal essential biology and age related diseases and dysfunction. The oxygen 
molecule, which is essential for human beings and for many forms of life, is 
also responsible for the deterioration of organic molecules exposed to air.

Oxidative stress, defined as “the imbalance between oxidants and antioxi-
dants in favour of oxidants, potentially leading to damage”, is an important bio-
chemical condition present in several human diseases and is most pronounced 
in autoimmune and inflammatory diseases such as ischemic stroke and rheu-
matoid arthritis [1–3]. In addition, the involvement of oxidative stress in cancer 
and neurodegenerative diseases such as familial amyotropic lateral sclerosis, 
Alzheimer’s disease, Parkinson’s disease, as well as diabetes mellitus, has 
recently been postulated.

Oxidative stress is characterized by the presence of unusually high concen-
trations of toxic reactive species, principally consisting of reactive oxygen spe-
cies (ROS), reactive nitrogen species (RNS), reactive nitrogen oxygen species 
(RNOS), and unbound adventitious metal ions. Oxidative stress is believed to 
be a primary factor in various degenerative diseases of the central nervous sys-
tem, as well as in the normal process of ageing both by inducing damage to 
mitochondrial DNA and by other mechanisms. The ROS formed during normal 
metabolic processes can easily initiate the peroxidation of membrane lipids, 
leading to the accumulation of lipid peroxides thereby threatening the integrity 
of various biomolecules including proteins, lipids as well as lipoproteins in ath-
erosclerosis and DNA – the so-called oxidative damage.

Warjeet S. Laitonjam
Department of Chemistry, Manipur University, Imphal-795003, Manipur, India



260 Studies in Natural Products Chemistry

OXIDATIVE DAMAGE DUE TO PHOTOCHEMICAL REACTION: 
FORMATION OF SINGLET OXYGEN (1O2)

Photochemically damaging events in cells are initiated by the uptake of the 
electronic energy of a photon by a UV-absorbing molecule. In the UV region 
of the electromagnetic spectrum, the energy of such photons is sufficient to 
break the covalent bonds. Usually, the absorbed energy converts the target 
molecule in its ground state to an electronically excited state, whose excess 
energy manifests itself in a different and often quite unstable electron con-
figuration. The initial excited state, a short-lived singlet having fully paired 
electrons, may be deactivated by fluorescence (the emission of a photon hav-
ing a longer than the exciting radiation) and return to the ground state; it may 
react with neighbouring molecules (although it is not common with singlets 
since their lifetimes are normally too short for them to diffuse over many 
molecular diameters); or it may undergo internal rearrangement to a longer-
lived triplet excited state. The triplet state is more likely to react chemically 
with surrounding molecules [4,5].

A potential route for the formation of a damaging species from a photo-
chemically activated triplet state is the transfer of triplet energy to molecular 
oxygen. The ground state of molecular oxygen has two unpaired electrons 
with parallel spin. Such a triplet state rare in ground state molecules and thus, 
because electrons occupying the same orbital must have opposed spin (the Pauli 
Exclusion Principle), the reaction of ground state oxygen with most substances 
is restricted. The activation of oxygen involves overcoming this spin restriction 
to reaction. Reduction leads to the potentially toxic superoxide anion, hydrogen 
peroxide and the hydroxyl radical. Electronic excitation of molecular oxygen, 
involving spin inversion, results in excited states with no unopposed spins, des-
ignated as singlet states.

Two excited singlet states of oxygen occur. The first singlet and the second 
singlet states are of 0.98eV and 1.63eV excitation energy, respectively. The 
second singlet state is extremely short-lived, being rapidly deactivated by col-
lisonal quenching to the first singlet state, which has a life time long enough 
to allow chemical reaction. It is the first excited state of molecular oxygen 
that is involved in certain photooxidative, photodynamic and  biological 
 processes [6–8].

Although singlet oxygen (1O2) can be produced from various sources, 
including enzymes, the major mechanism of formation in biological systems is 
by energy transfer from photoexcited compounds or sensitizers. The absorption 
of a photon by such sensitizers, S results in an excited singlet state, 1S with a 
very short life time (10−6–10−8s) (reaction (1)), which by intersystem crossing, 
involving spin inversion, may be relaxed to a longer-lived triplet state, 3S (ca 
10−3s) (reaction (2)). Molecular oxygen, in a non-spin restricted reaction, can 
quench such a triplet state by energy transfer resulting in 1O2 and the regenera-
tion of the ground state sensitizer, S (reaction (3)).
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 S→ 1S (1)

 1S→ 3S (2)

 
3S+ 3O2 → 1S+ 1O2 (3)

The relatively low excitation energy of its first excited singlet state allows 
oxygen to quench the triplet states of a variety of compounds. Several classes of 
biological molecules are susceptible to attack by 1O2, including several protein 
amino acids – cysteine, methionine, tryptophan, and hystidine – with the pos-
sible consequences of enzyme inactivation. Membrane disruption, a common 
feature of photodynamic action, is due to lipid peroxidation initiated by the for-
mation of hydroperoxides from the reaction of 1O2 with unsaturated fatty acids. 
Of the nucleic acids, guanine is particularly sensitive to attack by 1O2. Other 
classes of compounds may quench as well as react with 1O2, example being the 
phenol α-tocopherol (α-TOH, Vitamin E) and certain amines. The most efficient 
naturally occurring physical quenchers of 1O2 are the carotenoids [9–11].

OXIDATIVE DAMAGE DUE TO NON-PHOTOCHEMICAL 
 REACTION: FORMATION OF FREE RADICALS AND ROS

Non-photochemical routes for oxidative damage in plants usually involve the 
interaction of molecular oxygen with free radicals to produce new, potentially 
harmful free radical species containing oxygen or ROS [12,13]. This type of 
reaction may occur directly, or it may be promoted by enzyme catalysts nor-
mally present in the plant cell, such as the enzyme lipoxygenase.

Atmospheric oxygen is unusual in that its ground state has two unpaired 
electrons; it is a triplet state with considerable di-radical character. This per-
mits it to enter into energetically favourable chain reactions with many organic 
free radicals. The formation of organic (usually carbon-centred) free radicals R˙ 
from non-radical precursors is called the initiation phase of the autooxidation. 
This process, which is often quite slow, results in the characteristic ‘lag period’ 
of a radical chain reaction. In the propagation phase of the reaction, there is 
build up of peroxy radicals, ROO˙, and the subsequent reaction of peroxy radi-
cals with compounds (R′ H) having extractible hydrogen atoms. The new radi-
cals, R′˙ are then available for further reaction with molecular oxygen. Finally, 
when all the oxygen or active hydrogen species are used up, the termination 
phase begins. In this phase, the radicals recombine with each other to produce 
inactive, non-radical products:

RH→R· Initiation

R·+O2(O·−O·, 3O2)→ROO· Propagation

ROO· +R
′
H→ROOH+R

′
Propagation
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ROO·+R·→ROOR Termination

2ROO· →ROOR+O2 Termination

Hydrogen-donating antioxidants can react with lipid peroxyl radicals in a 
termination reaction, which breaks the cycle of generation of new radicals:

ROO· +AH→ROOH+A·

where A represents an antioxidant. In the case of vitamin E, the resulting radical 
has a much longer half life than the lipid peroxy radical and so is much more 
stable. This, therefore, increases the chance of occurrence of a true termination 
reaction. In the case of flavonoids, the hydroxyl groups are the most important 
for hydrogen donation. In the case of the flavonols, hydroxyl groups at the 2’, 
3’, and 4’ positions increase the stability of radicals.

ANTIOXIDANTS

The term “antioxidant” is almost impossible to define, except for the chemical 
definition of an agent that prevents oxidation. Many attempts have been made, 
but the most useful definition is probably – “any substance, that when present 
at low concentration compared to that of an oxidisable substrate, significantly 
delays or inhibits oxidation of that substance [14].” The term antioxidant is a 
much used (and abused) term, and it is important to understand that an effective 
antioxidant in one assay system is not necessarily an effective antioxidant in 
another. For this reason, there is no single assay which can possibly define the 
total efficacy of an antioxidant. In assessing an antioxidant, it is important to 
concentrate on the mechanism of action, since there are many ways to generate 
free radicals, many ways in which a free radical can be quenched by an anti-
oxidant, many factors which can influence this reaction, and an almost infinite 
number of possible targets of the free radicals. Antioxidant action arises from a 
combination of several distinct chemical events, which include: metal chelation; 
hydrogen donation from phenolic groups; partition coefficients; oxidation to a 
non-propagating radical; redox potential and enzyme inhibition. Furthermore, 
the health implications of a putative antioxidant depend upon how well it is 
absorbed by the body and how it is metabolized.

ROS AND FREE RADICALS

Before coming to the various natural antioxidants (NAO) of plants, I will briefly 
introduce some of the ROS and free radicals. ROS include a number of chemi-
cally reactive molecules derived from oxygen [15]. Some of these molecules are 
extremely reactive, such as the hydroxyl radical, while some are less reactive 
(superoxide and hydrogen peroxide). Intracellular free radicals, i.e., free low 
molecular weight molecules with an unpaired electron, are often ROS and vice 
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versa; and the two terms are therefore commonly used as equivalents. Free radi-
cals and ROS can readily react with most biomolecules, starting a chain reaction 
of free radical formation. In order to stop this chain reaction, a newly formed 
radical must either react with another free radical, eliminating the unpaired 
electrons, or react with a free radical scavenger – a chain-breaking or primary 
antioxidant.

In Table 1, the most common intracellular forms of ROS are listed together 
with the relevant enzymatic antioxidant systems scavenging these ROS 
molecules.

Superoxide (O2˙−)

The superoxide anion radical created from molecular oxygen by the addition of 
an electron is, in spite of being a free radical, not highly reactive. It lacks the 
ability to penetrate lipid membranes and is, therefore, enclosed in the compart-
ment where it was produced. The formation of superoxide takes place spontane-
ously, especially in the electron rich aerobic environment in vicinity of the inner 
mitochondrial membrane with the respiratory chain (Fig. 1). Superoxide (as 
well as hydrogen peroxide) is also produced endogeneously by flavoenzymes, 
e.g., xanthine oxidase. Other superoxide-production enzymes are lepoxygen-
ase and cyclooxygenase. The NADPH-dependent oxidase of phagocytic cells, 

TABLE 1 The Major ROS Molecules and Their Metabolism

ROS molecule Main sources
Enzymatic defence 
system

Superoxide (O2˙−) “Leakage” of electrons from  
the electron transport chain

Activated phagocytes

Xanthine oxidase

Flavoenzymes

Superoxide dismutase  
(SOD)

Superoxide reductase  
(in some bacteria)

Hydrogen peroxide 
(H2O2)

From O2˙− via superoxide 
 dismutase (SOD)

NADPH-oxidase (neutrophils)

Glucose oxidase

Xanthine oxidase

Glutathione peroxidase

Catalases

Glutathione peroxidase

Hydroxyl 
Radical ˙(OH)

Nitric oxide (NO)

From O2˙− and H2O2 via  
transition metals (Fe or Cu)

Nitric oxide synthases

Glutathione

Peroxiredoxins
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a membrane-associated enzyme complex, constitutes an example of deliberate 
high-level O2˙− production. Enzymes similar to components of this complex are 
also present in non-phagocytic cells where their functions should be connected 
to signalling. Two molecules of superoxide rapidly dismutase to hydrogen per-
oxide and molecular oxygen, and this reaction is further accelerated by super-
oxide dismutase (SOD).

Hydrogen Peroxide (H2O2)

Hydrogen peroxide is not a free radical but is nonetheless highly important 
much because of its ability to penetrate biological membranes. It plays a 
radical forming role as an intermediate in the production of more reactive 
ROS molecules including hypochlorous acid (HOCl), by the action of myelo-
peroxidase, an enzyme present in the phagosomes of neutrophils and, most 
importantly, formation of hydroxyl radical (˙OH) in oxidation of transition 
metals.

H+ +Cl− +H2O2 →HOCl+H2O

Another important function of H2O2 is carried out in its role as intracellular 
signalling molecule.

H2O2 once produced by the above-mentioned mechanisms is removed by 
at least three antioxidant enzyme systems – catalases, glutathione peroxidases, 
and peroxiredoxins.

Hydroxyl Radical (˙OH)

Due to its strong reactivity with biomolecules, hydroxyl radical is probably 
capable of doing more damage to biological systems than any other ROS. The 
radical is formed from hydrogen peroxide in a reaction catalyzed by metal ions 
(Fe2+ or Cu+), often bound in complex with different proteins or other mol-
ecules. This is known as the Fenton reaction:

H2O2 +Cu+ /Fe2+ → ·OH+OH− +Cu2+ /Fe3+

O2

Flavin-containing
enzyme

e.

O2
. -

e.

Cu, Zn - SOD

2H+

H2O2

Glutathione
catalase

Fe2+/Cu+

H2O  +  O2

.OH

Lipid
peroxidation

Damage to DNA
or protein

FIGURE 1 Simplified scheme for the ROS formation and metabolism on the intracellular level.
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Superoxide also plays an important role in connection with the above reaction 
by recycling the metal ions:

Cu2+/Fe3+ +O. −
2 →Cu+/Fe2+ +O2

The sum of these two reactions is the Haber–Weiss reaction: transition met-
als thus play an important role in the formation of hydroxyl radicals. Transition 
metals may be released from proteins such as ferritin and the [4 Fe–4 S] centre 
of different dehydrases by reaction with superoxide. This mechanism, specific 
for living cells, has been called the in vivo Haber–Weiss reaction.

Nitric Oxide (NO)

Nitric oxide represents an odd member of the free radical family and is simi-
lar to superoxide in several aspects in that it does not readily react with most 
biomolecules despite its unpaired electron. On the other hand, it easily reacts 
with other free radicals (e.g., peroxyl and alkyl radicals), generating mainly 
less reactive molecules, thus in fact functioning as a free-radical scavenger; 
NO has, for example, been shown to inhibit lipid peroxidation in cell mem-
branes. Though, if superoxide is produced in large amounts in parallel with NO, 
the two react with each other to give OONO− (peroxynitrite), which is highly 
cytotoxic. Peroxynitrite may react directly with diverse biomolecules in one- or 
two-electron reactions, readily react with carbon dioxide to form highly reac-
tive nitroso peroxocarboxylate (ONOOCO2

−), or protonated as peroxonitrous 
acid (ONOOH) undergo homolysis to form either ˙OH and ˙NO2 or rearrange 
to nitrate (NO3). The individual rates of these different reactions of peroxyni-
trite will depend upon the pH, temperature, and type of compounds present 
in the surrounding milieu. Peroxynitrite, directly or via its reaction products, 
may oxidize low-density lipoprotein (LDL), release copper ions by destroying 
ceruloplasmin, and generally attack tyrosine residues in different proteins, as 
observed in many inflammatory diseases.

ROS are, due to their high reactivity, prone to cause damage, and are 
thereby also potentially toxic, mutagenic, or carcinogenic. The targets for 
ROS damage include all major groups of biomolecules, such as DNA, lipids 
and proteins.

CELLULAR ANTIOXIDANT ENZYME SYSTEMS

Antioxidant activity is essential for life, to counter act the strongly oxidiz-
ing environment in which we live. Many biological functions, such as pro-
tection from mutagenesis, carcinogenesis, and ageing, among others, are due 
to antioxidative effects. The antioxidant activities of several plant materials 
have recently been described. There has been increasing interest in oxygen-
containing free radicals or ROS in biological systems and their implied role as 
causative agents in the aetiology of a variety of chronic disorders. Accordingly, 
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attention is being focused on the protective biochemical functions of naturally 
occurring antioxidants in the cells of the organisms containing them, and on 
the mechanism of their action. Some of the antioxidant enzyme systems serv-
ing to protect cells and organisms from the lethal effects of excessive ROS 
formation are:
 (i)   SOD: SOD was the first genuine ROS-metabolizing enzyme discovered. 

SOD catalyzes the conversion of superoxide (O2
−) to hydrogen peroxide 

and oxygen. In the reaction catalyzed by SOD, two molecules of superox-
ide form H2O2 and molecular oxygen, and are thereby a source of cellular 
hydrogen peroxide.

2O. −
2 + 2H+ →H2O2 +O2

In mitochondria, superoxide is formed in relatively high concentrations due to 
the leakage of electrons from the respiratory chain.

Both SOD and catalase activity have been shown to decline in the older 
leaves of tobacco plants, which revealed signs of membrane damage. There 
were clear corrections between the activity of these two enzymes and the 
degree of lipid peroxidation in the leaves. Both enzymes were important 
agents for protecting leaves from the deleterious effects of membrane lipid 
destruction [16].
 (ii)   Superoxide reductases (SOR): recently, a novel type of superoxide scaveng-

ing enzyme was discovered, catalyzing the direct reduction of superoxide:

O. −
2 + e− +2H+ →H2O2

These enzymes, the SOR, contain iron and have so far only been found in 
anaerobic sulphate-reducing bacteria, here called desulphoferrodixin [17], the 
anaerobic archaea Pyrococcus furiosus [18] or the microaerophilic bacterium 
causing venereal syphilis, Treponema pallidum [19]. The latter organism lacks 
SOD and seems to rely solely on SOR for its elimination of superoxide. Yet 
there is no evidence for a mammalian SOR.
 (iii)   Catalases: catalases of many organisms are mainly haeme-containing 

enzymes. The predominant subcellular localization in mammalian cells is 
in peroxisomes, where catalase catalyzes the dismutation of hydrogen per-
oxide to water and molecular oxygen:

2 H2O2 →O2 +2 H2O

Catalase also has functions in detoxifying different substrates, e.g., phenols and 
alcohols, via coupled reduction of hydrogen peroxide:

H2O2 +R
′
H2 →R

′
+2H2O

One antioxidative role of catalase is to lower the risk of hydroxyl radical (˙OH) 
formation from hydrogen peroxide via the Fenton reaction catalyzed by Cu or 
Fe ions [15]. Catalase binds NADPH, which protects the enzyme from inactiva-
tion and increases its efficiency.
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 (iv)   Peroxiredoxins: peroxiredoxins (thioredoxin peroxidases) are recently dis-
covered enzymes capable of directly reducing peroxides, e.g., hydrogen 
peroxide and different alkyl hyderoxides [20]. In the mitochondria of mam-
malian cells, the mitochondrial thioredoxin system is probably a specific 
reductant of peroxiredoxins.

 (v)   Glutathione peroxidases: a tripeptide bearing a thiol group, glutathione 
(GSH) is found in very high concentrations in many cells. It reacts with 
many oxidants, such as H2O2 and other peroxides (e.g., lipid peroxides in 
cell membrane), to form the oxidized form, a disulphide known as glutathi-
one disulphide, GSSG:

ROOH+2GSH→ROH+GSSG+H2O

The above reaction is catalyzed in mammalian cells by an important selenium-
containing enzyme, glutathione peroxidase. Some data have indicated that 
glutathione peroxidases should be of high antioxidant importance under physi-
ological conditions, while others place the enzymes as important only at events 
of oxidative stress.

NATURAL ANTIOXIDANTS (NAO) OF PLANTS

Synthetic antioxidants, such as butylated hydroxytoluene (BHT, 1) and butyl-
ated hydroxyanisole (BHA, 2), have restricted use in foods and synthetic anti-
oxidants are suspected to be carcinogenic [21]. Therefore, the search for NAO, 
especially of plant origin, has greatly been increased in recent years.

OH

Me

OH

OMe
2,6-di-tert-butyl-4-methyl phenol, BHT 2,6-di-tert-butyl-4-methoxy phenol, BHA

1 2

In recent years, researchers on antioxidant activities of medicinal plants have 
remarkably augmented by virtue of increased interest in their potential high 
antioxidant capacity and positive health benefits [22–24]. Compounds which 
are widely used as NAO are:
 (a)   Ascorbic acid (Vitamin C), 3: ascorbic acid (Vitamin C), 3 has been pro-

posed for a long time as a biological antioxidant. It exists in rather high 
concentrations in many cellular environments, such as the stroma of chlo-
roplasts. Ascorbate is water soluble and has been shown to be a major anti-
oxidant in human plasma as well as in and even across cell membranes. 
It reduces α-TOH (Vitamin E), 5 as well as peroxides and ROS, such as 
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superoxide. The vitamin serves mainly to prevent lipid hydroperoxide for-
mation in plasma lipoproteins, e.g., LDL, by reducing α-TOH (5a) radi-
cals formed upon reaction with lipid peroxy radicals. This is, in turn, an 
important function in the prevention of atherosclerotic plaque formation. 
Ascorbate also protects lipids in cell membranes by this mechanism. Intra-
cellularly, in the aqueous phase, ascorbate and glutathione act in concert to 
protect the cell from oxidative damage.

Ascorbate inhibited the photoxidation of a kaempferol by illuminated spinach 
chloroplasts. It reduces two equivalents of superoxide to produce hydrogen per-
oxide and the derivative dehydroascorbic acid, 4. It also reacts with singlet 
oxygen at a relatively fast rate.

O CHOH-CH2OH

HO OH

O O CHOH-CH2OHO

OO
ASCORBIC ACID, 3 DEHYDROASCORBIC ACID, 4

 (b)   Vitamin E, 5: naturally occurring compounds with Vitamin E activity 
are the tocopherols, a group of closely related phenolic benzochroman 
derivatives having extensive ring alkylation. These compounds occur not 
only in plants but also in mammalian tissues. Like other phenolic anti-
oxidants, e.g., BHT(1) and BHA(2), their normal mechanism of action 
is the inactivation of two equivalents of chain-carrying peroxy radicals, 
terminating two potential radical chain reactions per molecule of inhibi-
tor. At lower radical concentrations, however, the potential exists for the 
regeneration of Vitamin E(5) through reaction of a reducing agent such 
as Vitamin C(3).

The most biologically active of the four major tocopherols is α-TOH, 5a. 
α-TOH is a lipid-soluble vitamin present in biological membranes. It contains 
a hydroxyl group by which it reacts with unpaired electrons and can reduce, 
e.g., peroxyl radicals. α-TOH is absorbed in the intestine and transported to 
the liver in chylomicrons. It is returned to the blood in very low-density lipo-
protein (VLDL) particles that with lipoprotein lipase are degraded to LDL. 
LDL particles provide cells in peripheral tissues with cholesterol and are also 
important as a factor in atherogenesis. Only 5–10 molecules of α-TOH exist 
in each LDL, in contrast to the abundance of oxidizable lipid molecules. This 
fact points out the need for compounds that can efficiently recycle α-TOH. In 
fact, since ascorbate recycles α-TOH and mammalian thioredoxin reductase 
reduces dehydroascorbate. Thioredoxin reductase may play an important role 
for the total Vitamin E antioxidant function. It has long been known that Se and 
Vitamin E have mutual sparing effects, and thioredoxin reductase could be the 
link explaining this fact.
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O
Me

Me

R2

HO

R1

C16H33

5a, R1 = R2 = Me;  α-Tocopherol 
5b, R1 = H, R2 = Me;  β-Tocopherol 
5c,  R1 = Me, R2 = H;  Γ-Tocopherol 
5d,  R1 = R2 = H;  δ-Tocopherol 

 (c)   Flavonoids: flavonoids are diphenyl propanes that commonly occur in 
plants (more than 4000 flavonoids have been isolated) and are frequently 
compounds of human diet. The immediate family members of flavo-
noids include flavones, isoflavones, and the 2,3-dihydroderivatives of fla-
vones, namely, flavanones which are inter-convertible with the isomeric 
chalcones.

Epidemiological evidence suggests an inverse relationship between dietary 
intake of flavonoids and the risk of coronary heart disease. It has been suggested 
that oxidative modification of LDL plays an important role in the development 
of human atherosclerosis. Thus protecting LDL from oxidation by compounds 
such as flavonoids, may be an effective strategy to delay or prevent the progres-
sion of the disease.

The biological activities of flavonoids have been extensively reviewed. 
Some of them have been found to possess anti-ischemic, anti-platelet, anti-
inflammatory, anti-lipoperoxidant activities. Flavonoids have also been found 
to inhibit a wide range of enzymes involved in oxidation systems such as 
5-lipoxygenase, cyclooxygenase, monooxygenase or xanthine oxidase. These 
biological activities are related to their antioxidative effects. Flavonoids can 
perform their antioxidant activity by various mechanisms, e.g., by scavenging 
radicals, by binding metal ions, and by inhibiting enzymatic systems respon-
sible for free radical generation. In contrast to the beneficial effects, some 
flavonoids (such as quercetin, 6) have also been reported to be mutagenic, 
and co-carcinogenic. These detrimental effects could be attributable to the 
peroxidant activity of flavonoids (generally linked to catechol or pyrogallol 
pattern) generating free radicals under certain conditions, e.g., in the presence 
of metal ions.

Flavonoids occur widely in the plant kingdom, and are especially common 
in leaves, flowering tissues, and pollens. They are also abundant in woody parts 
such as stems and barks. Several classes of flavonoids show antioxidant activity 
towards a variety of easily oxidizable compounds. The antioxidant efficiency of 
a group of flavonoids was measured in a test system incorporating two easily 
oxidized lipids – linolenic acid and β-carotene. It was found that the highest 
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activities were shown by free flavonols – myricetin, 7 and robinetin – hav-
ing three hydroxyl groups in the B-ring with a 3’,4’,5’-substitution pattern. 
Slightly inferior, but still significant activities were displaced by the pentahy-
droxy aglycones quercetin, 6 and dihydroquercetin; the 3-rhamnoside of quer-
cetin; the tetrahydroxymethoxy flavonol rhamnetin, 8; and the tetrahydroxy 
flavonol fisetin, 9. Dihydroquercetin was isolated from Spanish peanuts (Ara-
chis hypogea) and also shown to have high antioxidant activity in a tlc spray 
test using β-carotene.

O

OH
OH

OH

OH

HO

QUERCETIN, 6

O

OH
OH

OH

HO

OH

OH

MYRICETIN, 7

O

OH
OH

OH

OH

O O

O

MeO

RHAMNETIN, 8

O

OH
OH

OH

HO

O

FISETIN, 9

It was shown that quercetin, 6 and the complex flavonol-lignan deriva-
tive silymarin, 10 were about equally effective in inhibiting lipid peroxida-
tion in several different michrosomal or mitochondrial preparations. When a 
series of flavonoids was tested as inhibitors for the autooxidation of emulsi-
fied linolenic acid and methyl linoleate in the dark at room temperature, it 
was found that the two compounds with highest activity were morin, 11 and 
kaempferol, 12. They attributed the activity of flavonoids to their ability to 
donate a hydrogen atom to the peroxy radical derived from the autooxidiz-
ing fatty acid derivative. Kaempferol, 12 was also reported to undergo photo-
bleaching in illuminated chloroplasts. The bleaching response was stimulated 
by methyl viologen (paraquat), a well-known electron transfer agent capa-
ble of producing superoxide from molecular oxygen, and it was suppressed  
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by SOD. These results suggest that flavonoids inhibit superoxide-promoted 
redox reactions within the chloroplast. Further evidence for this postulate 
was obtained in experiments that showed quercetin, 6 and kaempferol, 12 
at about 4 × 10−5M, suppressed lipid photoperoxidation in isolated spinach 
chloroplasts by 50%.

O

OH

OH

O

O

OH

OH

OH

HO

O

HO

HO

OH

MORIN,  11
KAEMPFEROL,  12

O
O

O

OH

OH

HO

O

CH2OH

OMe

OH

SILYMARIN,  10

Several flavonoids were shown to be potent inhibitors of the enzymes lipox-
ygenase and prostaglandin synthetase, which convert polyunsaturated fatty 
acids to oxygen-containing derivatives. Highest activity against both enzymes 
was shown by luteslin (5,7,3’,4’-tetrahydroxyflavone) and 3’,4’-dihydroxyfla-
vone. Many reports on the research of the antioxidant activity of flavonoids are 
found in the literature.
 (d)   Phenolic acids: acidic compounds incorporating phenolic groups have 

been implicated as active antioxidants. Caffeic acid (13), Chlorogenic acid 
(14) and its isomers, including 4-O-caffeoyl quinic acid (15) were isolated 
from sweet potatoes. Chlorogenic acid, 14 was found to be the most abun-
dant phenolic acid in the plant extract and also the most active antioxidant. 
Esters of caffeic acid with sterols and triterpene alcohols have been isolated 
from the seed of the grass Phalanis canariensis. The fatty acids of the seed 
were predominantly unsaturated, suggesting that the esters were acting to 
protect them from oxidation. The lipid-soluble esters were effective anti-
oxidants in tests with lard or sardineoil heated at 60°C. In the tests, the 
esters were added as mixtures, but at least some components appeared to 
have activity approaching or exceeding that of BHT.
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OH
OH

OH

OHOOC

CHLOROGENIC  ACID,  14

4-O-CAFFEOYLQUINIC  ACID,  15

COOH

OH
HO

CAFFEIC  ACID,  13

C
O

OH

OH

OH
OH

O

OHHOOC

C
O

OH

OH

Ferulic acid was shown to delay the photooxidation of linoleic acid and 
esters of freulic acid with triterpenes and sterols, which occur naturally in the 
rice bran, were also shown to have some activity.
 (e)   Other phenols: Rosmaridiphenol, a diterpene derivative with adjacent OH 

groups, was isolated from Rosmarinus officinalis (rosemary). Its antioxi-
dant activity in heated lard exceeded that of BHA and approached that of 
BHT. Related phenolic diterpenes with antioxidant activity have also been 
isolated from this plant.

A group of potent antioxidants for the air oxidation of linoleic acid was isolated 
from the methanol extract of the rhizome of Curcuma longa (turmeric). The 
most abundant and most active constituent of the extract was the orange pig-
ment, curcumin. The mechanism of curcumin activity may include metal ion 
chelation by the central β-diketone group. The lignan A, isolated from sesame 
(Sesanum indicum) seed, significantly inhibited the autooxidation of linoleic 
acid at 40°C. It was not as active as sesamol or vitamin E. Polyhydroxylated 
chalcones such as butein, which were biosynthetic intermediates between cin-
namic acids and flavonoids, also show considerable antioxidant activity for lard. 
Hydrogenation of the chalcone double bond increased their antioxidant activity 
to some extent; e.g., the pentahydroxydihydrochalcone was ca. 2–3 times as 
active as the corresponding unsaturated chalcone.

Ubiquinol, a reduction product of ubiquinone (coenzyme Q), was shown to 
be a potent in vivo antioxidant under conditions of low oxygen concentration, 
such as would occur in many cellular environments. The compound inhibited 
lipid peroxidation in emulsions of arachidomic acid containing haemoglobin 
as initiator, as well as photooxidation of mitochondrial lipids. It was almost as 
reactive as vitamin E.
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Some of the phenolic compounds isolated from plants having antioxidant 
properties are given below.

OH

O

OH

OH
HO

BUTEIN,  19

OH

OOH

OH

OH
HO

PENTAHYDROXYDIHYDROCHALCONE,  20

Me

OH

OH

5
MeO

MeO

UBIQUINOL.  21

Phenolic compounds have attracted more and more attention as potential 
agents for preventing and treating many oxidative stress-related diseases. Sev-
eral studies showed that phenolic compounds were the main antioxidant ingre-
dients in several medicinal plants [25].
 (f)   Carotenoids: the carotenoids are yellow or orange pigments which are 

widely distributed in plants, such as sweet potato, carrots, spinach, red pep-
per, tomatoes, and broccoli. Several forms exist, including β-carotene, 22, 
lycopene, 23 and lutein, 24. The carotenoids act as photosensitizers in con-
junction with chlorophyll; when chlorophyll is absent, e.g., in fungi, then 
the carotenoids mainly are responsible for colour.

CAROTENE,  22

LYCOPENE,  23

HO

OH

LUTEIN,  24
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In the search for sources of NAO, in the last few years some medicinal plants 
have been extensively studied for their antioxidant activity and radical scav-
enging activity [26–30]. The antioxidant activities of the methanol extracts of 
selected varieties and parts of garlic and onion were determined by two methods: 
inhibition of lipid peroxidation induced by tert-butyl hydroperoxide in isolated 
rat hepatoctes and scavenging activities against DPPH radical [31]. In order to 
find new sources of NAO, antioxidant activities of 40 medicinal plants associ-
ated with prevention and treatment of cardiovascular and cerebrovascular dis-
eases were recently evaluated using ferric reducing antioxidant power (FRAP) 
and Trolox equivalent antioxidant capacity (TEAC) assays [32]. Antioxidant 
activities of six rhizomes of Zingiberaceae family were determined by DPPH 
method and β-carotene-linoleic acid method [33]. The total antioxidant activi-
ties of extracts and compounds from the roots of Smilax lanceaefolia which is 
used as folk medicine for stomach ache and rheumatic complaints were recently 
determined using DPPH method [34,35].

CONCLUSION

Natural antioxidants are already exploited commercially either as antioxidant 
additives or as nutritional supplements. Also many other plant species have been 
investigated in the search for novel antioxidants, but generally there is still a 
demand to find more information concerning the antioxidant potential of plant 
species as they are safe and also bioactive.
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Chapter 10

Bioactive Natural Products  
as Potential Candidates  
to Control Aedes aegypti, 
the Vector of Dengue

INTRODUCTION

Mosquitoes are one of the most important insect groups which act as vectors of 
pathogens for several human diseases [1], including malaria, filariasis, dengue 
and dengue hemorrhagic fever, encephalitis, yellow fever and others, especially 
in the tropical and subtropical areas [2].

The mosquito Aedes aegypti (Linnaeus, 1762) is the main vector responsible 
for dengue and yellow fever, both endemic diseases covering tropical and sub-
tropical regions, mainly in urban and semi-urban areas [3,4]. Although yellow 
fever has been reasonably brought under control, no vaccine is available against 
dengue [5]. So far, the only method of controlling or preventing dengue virus 
transmission is to combat the vector mosquitoes by reducing the adult popula-
tion densities [6]. Vector control is implemented using environmental manage-
ment and chemical methods. Community-based programmes have stimulated 
people to dispose their solid waste properly and keep their water containers 
covered in order to avoid access by egg-laying female mosquitoes [6].

Chemicals have been used to control Ae. aegypti since the beginning of the 
twentieth century and the current methods for applying insecticides include larvi-
cide application, perifocal treatment and space spraying [7]. Four larvicides can be 
used to treat containers that hold drinking water, which have extremely low mam-
malian toxicity: the organophosphorus temephos (1), the insect growth regulators 
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methoprene (2) and pyriproxyfen (3) and also the biological agent BTI (Bacillus 
thuringiensis israelensis H-14); among them, temephos (at the concentration of 
1% sand granules) and BTI are the most commonly used larvicides [7,8]. Perifo-
cal treatment involves the use of hand or power sprayers to apply formulations 
of insecticides [malathion (4), fenitrothion (5), fenthion (6), and some pyrethroids 
such as pyretrins I (7) and II (8), permethrin (9) and cypermethrin (10)] as a spray to 
larval habitats and peripheral areas, as well as non-potable water in containers [7].

The need to minimize the dependency on chemical insecticides or their indis-
criminate use allied to development of vector resistance to the commonly used 
insecticides, including temephos, have been directed for the search of alternative 
methods for vector control. These new strategies could be mainly used as routine 
in control programs during the periods of little or no dengue virus activity.

Biopesticides, a term which includes microbial organisms, nematodes, sec-
ondary metabolites from plants and microorganisms, insect pheromones, genes, 
insect predators and parasites, received much attention for being environmen-
tally friendly [9] and potentially used as leads for a variety of insect control 
agents, such as pyrethroids earlier obtained from pyrethrum flowers Chrysan-
themum cinerariaefolium (Asteraceae) [10].

Natural products represent a vast structural and functional diversity of mol-
ecules and they remain to be the best source and inspiration for the discovery of 
new drugs and molecular targets. Plants extracts and their secondary metabolites 
have been recognized to have insecticidal activities such as repellent, antifeed-
ant, and growth-regulating properties [5,11,12]. Some compounds produced by 
microorganisms also show insecticidal activities [13,14].

Besides, to diversify the availability of control options, researches have also 
been driven to find entomopathogenic organisms, including the fungi Metarhi-
zium anisopliae and Beauveria bassiana and the bacteria B. thuringiensis var. 
israelensis, aiming the regulation of insect populations.
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Scope of the Review

The review highlights the secondary metabolites produced by living organisms, 
including plants, fungi, bacteria (actinomycetes and cyanobacteria), lichens, 
and algae which were active against the mosquito Ae. aegypti. These insecti-
cidal compounds display a huge range of structural diversity comprising fatty 
acids and derivatives, quinones, polyketides, non-ribosomal peptides, phenyl-
propanoids, coumarins, flavonoids, terpenoids, alkaloids, which are described 
herein. Some known biosynthetic pathways are presented as well. The related 
insecticidal activities, such as adulticidal, mosquitocidal, larvicidal and ovicidal, 
as well as the mode of action of some compounds are also summarized. LC 
value units were expressed in the text as described in their original papers. How-
ever, for convenience, the LC values presented in the tables were all expressed 
in ppm in order to provide a basis for comparison of their potencies.

Due to the extensive literature reviews about bioactive extracts and essential 
oils from plants against Ae. aegypti [15–21] we limited this review to bioactive 
secondary metabolites isolated from or identified in bioactive fractions of plants. 
Biocontrol agents were briefly commented since they can secret enzymes, pro-
teinaceous toxins and secondary metabolites and can also be a promising source 
of bioactive compounds against Aedes mosquito.

The literature (via Chemical Abstracts, Web of Science, and PubMed data-
bases) was searched for natural products as candidates to control Ae. aegypti, 
using the following search terms: natural product(s), bioactive compound(s), 
bioactive metabolites, mosquitocide(s), mosquitocidal, adulticidal, larvici-
dal, larvicide(s), insecticidal, insecticide(s), plant, fungi, fungus, bacteria, 
 actinomycetes, algae, and lichen, added to the terms Aedes or Ae. aegypti.

Dengue

Dengue is a disease caused by several arthropod-borne viruses that affects 
infants, young children and adults, and is characterized by fever, myalgia or 
arthralgia, rash, leucopenia and lymphadenopathy, but rarely causes death 
[6,22]. However, dengue haemorrhagic fever (DHF) is a severe and potentially 
fatal disease characterized by high fever, enlargement of the liver, circulatory 
failure that leads, in harsh cases, to a protein-losing shock syndrome (dengue 
shock syndrome, DSS) [6,22].

Dengue viruses encompass four related serogroups that cause very similar 
disease in humans, named dengue-1 (DENV-1), dengue-2 (DENV-2), dengue-3 
(DENV-3), and dengue-4 (DENV-4) [23]. They are members of the Flavivirus 
genus, family Flaviridae, which is also termed “arboviruses” or arthropod-borne 
viruses since they are transmitted between vertebrate hosts by mosquitoes [23]. 
Since they are antigenically and genetically distinct, an infection by one of 
dengue serotypes can immunize only for that specific serotype. It theoretically 
means that an individual can be infected by the four serogroups, although third 
infections are very rare and fourth infections have never been reported [24]. 
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Uninfected female Aedes mosquitoes generally acquire the virus while feed-
ing on the blood of an infected person, becoming infected and transmitted it to 
humans by their bites [6]. Ae. aegypti is the most important vector of dengue 
viruses, although Ae. albopictus and Ae. polynesiensis can act as vectors in 
some localities [24]. After virus incubation for 8–10 days, an infected mosquito 
is capable, during probing or blood feeding, of transmitting the virus for the rest 
of its life, approximately 6–8 weeks [6].

Female mosquitoes are very sensible and they can disrupt the feeding pro-
cess at the slightest movement and return to the same or a different person later; 
if the females are infected they may transmit dengue virus to several individuals 
in a short period of time even if they probe without feeding [25]. The virus circu-
lates in the peripheral blood of infected humans for 2–7 days, at approximately 
the same time that they have a fever [6]. The transmission cycle can propagate if 
an unaffected mosquito bites the ill person and subsequently transmit the virus 
to the other unaffected persons.

In the last 50 years dengue has become the most propagated disease in coun-
tries around the intertropics region and its incidence is increasing [6,24]. Accord-
ing to the WHO estimative, 2.5 billion people are at risk to catch dengue with 
the possibility of 50 million dengue infections worldwide every year [6,24]. The 
spread of dengue is attributed to expanding geographic distribution of the four 
dengue viruses and their mosquito vector and it is found mainly in tropical and 
subtropical regions, predominantly in urban and semi-urban areas [6].

There is no vaccine to protect against dengue. Development of a vaccine is 
not simple since it must immunize against all four viruses types to be effective, 
i.e., only a tetravalent vaccine will be acceptable because there is no cross-pro-
tection between the four DENV serotypes [6,24]. Besides, dengue virus grows 
poorly in cell culture, and there is the need of a reliable animal model for test 
[24]. In this context, two vaccine candidates have advanced to evaluation in 
human subjects in countries with endemic disease, and several potential vac-
cines are in earlier stages of development [6]. Guy et al. reported the devel-
opment of a tetravalent chimeric dengue vaccine by ChimeriVax technology 
and preclinical and clinical tests revealed safety and immunogenicity against 
all four DENV serotypes. The process is in the large-scale efficacy trials [26].

Aedes aegypti Mosquito

Dengue vectors are members of the genus Aedes, subgenus Stegomya, family 
Culicidae, and order Diptera [27]. Aedes aegypti is the most important vector 
distributed in several endemic countries, while Ae. albopictus and Ae. poly-
nesiensis are endemic species in Asia [8]. Aedes aegypti and Ae. albopictus 
are both container-breeders, preferentially in relatively unpolluted water. The 
former is predominant in man-made artificial containers (urban areas) while 
the latter is found in natural habitats such as tree holes, rock pools and leaf 
axils [27,28].
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Aedes aegypti is a holometabolous insect, i.e., the life cycle encompasses 
a complete metamorphosis with an egg, larvae (first, second, third, and fourth 
instars), pupae, and adult stage, which can be completed within 1.5–3 weeks 
[29]. Larval and pupae stages are developed in aquatic phase while eggs and 
adults are terrestrial phase. Adults are recognized by their external morphologic 
aspects [30]: their bodies are predominantly dark, contrasting with silvery-white 
scales presented in the clipeo and in the basis of their anthems. Moreover, dorsal 
thorax contains two external sinuous lines and two internal retilinea lines with 
silvery scales resembling the musical instrument lyre (Fig. 1) [30].

The Aedes females need iron obtained from a vertebrate blood meal (usually 
human) to obtain nutrients for egg maturation [31]. Two days after blood diges-
tion, the ovaries contain mature eggs [32] and, after mating, the females deposit 
their eggs on damp surfaces, mainly where rainwater can be stored (such as 

FIGURE 1 Life cycle of Aedes aegypti.
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barrels, flower vases, tyres, tanks, etc.). After 2–7 days, these developed eggs 
hatched leading to the fourth sequencing larval stages: first (2mm, 2.5 ± 0.1 
days), second (3mm, 0.9 ± 0.1 days), third (4mm, 1.2 ± 0.1 days) and fourth 
(5mm, 2.1 ± 0.3 days) instars, taking approximately 8 days (Fig. 1) [33]. Then, 
larval enter the pupal stage (5mm) and, after 2–3 days, they transform into adult 
mosquito (male 27.14 days and females 42.25 days), initiating a new life cycle.

Insectides can act on mosquitoes at different modes. Organochlorines and 
synthetical pyrethroids act on sodium channels of adult mosquito [6], while 
natural derived insecticides lead to death by destroying mesentero and expuls-
ing perithrophic matrix of larvae [34–37]. Growth-inhibitor insecticides block 
initial stages ecdise [38].

NATURAL INSECTICIDES DERIVED FROM PLANTS

Secondary Metabolites Derived from Plants

Fatty Acids and Derivatives
Oleic (11) and linoleic (12) acids have been reported as larvicidal compounds 
against fourth instar larvae of Ae. aegypti. These compounds were isolated from 
Dirca palustris (Thymelaeaceae) [39] and Citrullus colocynthis (Linn.) Schrad 
(Curcubitaceae) [40]. Larvicidal bioassay performed by Ramsewak et al. indi-
cated an LC50 of 100ppm for both compounds [39], while bioassay performed 
by Rahuman et al. revealed an LC50/LC90 values of 8.8/35.39ppm for 11 and 
18.2/96.33ppm for 12 [40]. Moreover, oleic acid (11) exhibited repellent activity 
against female mosquitoes at 30min after treatment at a dosage of 0.4mg/cm2 [41].
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The annonaceous acetogenins (derivatives of C35 or C37 fatty acids chain) 
rolliniastatin (13), bullatacin, (14), purpureacin 2 (15), cherimoline (16), syl-
vaticin (17), and purpureacin 1 (18) were isolated through activity-directed 
fractionation of the larvicidal dichloromethane extract from leaves of Annona 
purpurea L. (Annonaceae) (LC100 10ppm, 24h) and identified on the basis of 
spectral evidences [42]. These compounds showed larvicidal activity against 
second instar of Aedes mosquito with LC100 values of 0.2, 0.3, 2.0, 1.0, 2.0 and 
1.0ppm, respectively, to compounds 13–18, being acetogenins 13 and 14 the 
most toxic to the larvae [42]. In addition, the acetogenins longimicins A (19), B 
(20), C (21) and D (22) were obtained by bioactivity-directed fractionation of 
the ethanol extract of Asimina longifolia (Annonaceae) and their structures, ste-
reochemistries (threo/trans/threo/trans/threo), as well as the positions of their 
THF ring systems, were determined through 1D- and 2D-NMR experiments 
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and EIMS analyses [43]. Their potential as larvicides were evaluated against 
third or early fourth instar larvae of Ae. aegypti, in addition to the known asimi-
cin (23) [44], exhibiting LC50 values of 141.0, 30.4, 75.7, 8.29 and 3.04µg/
mL, respectively, to 19, 20, 21, 22, and 23 [43]. The lower potencies for these 
acetogenins compared with 23 should be the position of the adjacent bis-THF 
ring moiety that is essential for maximization of the bioactivities among them 
[43]. Moreover, annonacin (24), isolated from Annona densicoma (Annona-
ceae) [45], was toxic to third instar larvae with LC50 of 9.5µg/mL and LC90 of 
22.3µg/mL [46].
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Structures of these annonaceous acetogenins strongly suggest their 
polyketide origin [47,48]. The precursors could have been assembled by the 
linear combination of acyl thioesters (with two and three carbon units like 
acetic acid and propanoic acid) in a similar way for fatty acids biosynthesis 
via acetyl-CoA (B1), malonyl-CoA (B2), and propanyl-CoA (B3). Epoxida-
tion of triene (B4), diene (B5) or triene ketones (B6) intermediates, followed 
by ring openings and closures initiated by water attacking the epoxides would 
produce the tetrahydrofuran rings of acetogenins (B10–B12), as shown in 
Scheme 1 [47,48].

Fourteen natural polyacetylenes and their thiophene derivatives were tested 
on several stages of the Aedes larvae under an artificial source of ultraviolet light 
in order to search for insect photosensitizer compounds [49]. Six of 14 (25–30) 
caused 100% mortality against first instar at a concentration of 0.5mg/mL, while 
31 led to the 67–99% mortality. Among them, 25, 26, and 30 also killed second 
instar, and a 100% mortality of fourth instar was obtained only with the tiophene 
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derivative 26 (α-terthienyl). Moreover, compounds 26 and the furanoacetylene 
27 showed LC50/LC90 values of 0.019/0.039ppm and 0.079/0.160ppm, respec-
tively, against the fourth larval stage [49,50]. α-Terthienyl was first isolated 
from the yellow petals of Tagetes erecta (Asteraceae) [51].

Additional tiophene derivatives 5-(but-3-ene-1-ynyl)-2-2’-bithiophene (32), 
5-(but-3-ene-1-ynyl)-5’-methyl-2-2’-bithiophene (33), and 5-methyl-2,2’,5’,2”-
terthiophene (34) were identified as bioactive components of fraction from floral 
extracts of T. minuta. This fraction showed toxicity to third larval stage of Aedes 
larvae (LC50 3.9ppm) and to adults of Ae. aegypti and Anopheles stephensi [52].
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SCHEME 1 Hypothetical biosynthesis pathway of annonaceous acetogenins. Adapted from [47] 
and [48].
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Toxicity of α-terthienyl (26) is based on the production of a toxic singlet 
oxygen by a type II photodynamic process leading to damages to the nervous, 
respiratory and digestive systems of the larvae [53,54]. Experiments using 
35S-Na2SO4, 35S-L-cystein and 14C feeding with Tagetes patula nana and 
T. erecta suggested a biosynthetic origin of 26 from bithienylbutadiine (B13), 
as shown in Scheme 2 [55].

Xanthones
Some crude extracts from plants belonging to the Clusiaceae family were evalu-
ated against third instar of Aedes mosquito. From the bioactive crude extract 
of Garcinia cuneifolia bark was isolated the cuneifolin (35), a xanthone that 
possess a ring substituted by a prenyl and a geranyl group [56]. The pyranoxan-
thones inophyllin B (36) and brasilixanthone (37) were obtained after fraction-
ation of crude extract from roots of Calophyllum inophyllum [57]. These three 
xanthones showed to be toxic to larvae of Ae. aegypti. Further investigation on 
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SCHEME 2 Proposed biosynthetic precursor for the α-terthienyl 26 [55].
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the extract from roots of this plant resulted in the isolation of inophyllin A (38) 
which showed LC50 of 75–100µg/mL [58].

Chemical studies on the stem of Garcinia mangostana afforded the iso-
lation and identification of seven xanthones from which α-mangostin (39), 
β-mangostin (40) and mangosharin (41) were evaluated for their larvicidal 
activities [59]. Among them, only xanthone 39 showed activity against the third 
larval stage with an LC50 of 19.4ppm [59].
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Quinones
A bioassay-guided phytochemical investigation of chloroform extract from 
Plumbago capensis Thunb (Plumbaginaceae) roots led to the isolation of eight 
naphthoquinone derivatives whose structures were established by IR, MS, 1D- 
and 2D-NMR spectroscopic techniques and comparison with literature data [60]. 
They are plumbagin (42), 3-O-methyl droserone (43), 6-hydroxy plumbagin 
(44), isoshinanolone (45), isoplumbagolone (46), chitranone (47), maritinone 
(48), and chitranane (49). Among these compounds, isoshinanolone (45), plum-
bagin (42), and 6-hydroxy plumbagin (44) have showed highest larvicidal activ-
ities against fourth instar larvae of Ae. aegypti, with LC50 (and LC90) values of 
1.26µg/mL (LC90 = 4.10µg/mL), 5.43µg/mL (LC90 = 6.56µg/mL), and 13.64µg/
mL (LC90 = 19.28µg/mL), respectively. Compounds 43, 48, and 49 showed LC50 
values (and LC90) of 31.47µg/mL (55.72µg/mL), 40.66µg/mL (LC90 = 53.87µg/
mL), and 31.21µg/mL (LC90 = 42.72µg/mL), respectively, while 46 and 47 were 
not active at highest concentration tested (60µg/mL) [60]. Sreelatha et al. have 
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suggested that the presence of a reduced quinine ring (ring B), a hydroxyl group 
at fourth position and a methyl group at third position appear to play an impor-
tant role on the mosquitocidal activity of these naphthoquinone derivatives.
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Feeding experiments with 13C-labelled acetate established the polyketide 
origin to naphthoquinones plumbagin (42) and isoshinanolone (45) (Scheme 3). 
The open-chained hexaketide precursor (B14) should undergo to cycliza-
tion (via B15a or B15b) to produce the naphthalene skeleton (B16). Further 
 oxidation gives 42 which under reduction step led to 45 [61].

Tectoquinone (50), isolated from the methanolic extract of Cryptomeria 
japonica (Taxodiaceae) sapwood, exhibited larvicidal activity against fourth 
instar larvae of both Ae. aegypti and Ae. albopictus. The LC50 (and LC90 values) 
of 50 after 24h were 3.3µg/mL (LC90 = 8.8µg/mL) against Ae. aegypti larvae and 
5.4µg/mL (LC90 = 26.9µg/mL) against Ae. albopictus larvae [62].

Lapachol (51), a 2-hydroxy-3-(3-methyl-2-butenyl)-1,4-naphthoquinone, 
obtained from fractionation of Cybistax antisyphilitica (Martius) Martius (Bigno-
niaceae) was active against third instar larvae of Aedes showing LC50 value of 
26.3µg/ml [63]. In addition, several lapachol derivatives were synthesized and 
tested against fourth instar larvae [64]. LC50/LC90 values of these compounds 
were 9.64/16.154ppm to isolapachol acetate (52), 3.78/7.06ppm to isolapachol 
lithium salt (53), 4.745/9.062ppm to dihydrolapachol (54), 3.587/6.641ppm 
to 5-hydroxy-1,4-naphthoquinone (55), 4.553/7.993ppm to 5-acetoxy-1,4-
naphthoquinone (56), 7.919/10.833ppm to 5-methoxy-1,4-naphthoquinone 
(57), 1.391/2.501ppm to 2-bromo-5-hydroxy-1,4-naphthoquinone (58), 
1.170/4.550ppm to 2-bromo-5-acetoxy-1,4-naphthoquinone (59), 9.703/16.999
ppm to 2-bromo-5-methoxy-1,4-naphthoquinone (60), 0.873/1.417ppm to 
3-bromo-5-hydroxy-1,4-naphthoquinone (61), 7.287/10.445ppm to 3-bromo-
5-acetoxy-1,4-naphthoquinone (62), 5.752/12.453ppm to 3-bromo-5-methoxy-
1,4-naphthoquinone (63), and 14.952/23.065ppm to 2-methyl-1,4-naphthoquinone 
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(64), in addition to temephos (1) that exhibited LC50/LC90 values of 1.4999/4.799 
[64]. Comparative analysis indicated that compounds 58, 59, and 61 are more 
potent than temephos, suggesting, therefore, that the presence of a bromine group 
in these compounds enhances the activity. Moreover, it seems that a free hydroxyl 
group is an essential condition for larvicidal the observed activity in 55 [64].
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The meroterpenoids naphthoquinones cordiaquinones B (65), E (66), F 
(67), G (68), and H (69) were isolated from dichloromethane extract of Cordia 
linnaei (Boraginaceae) [65], and cordiaquinones A (70), J (71), and K (72) in 
addition to 65 were obtained from Cordia curassava [66]. Larvicidal potency 
of these 6-substituted naphthoquinones was determined against second instar 
larval Aedes mosquito and the minimal concentration of compounds required to 
kill all the larvae after 24h were 25, 12.5, 50, 25, 12.5, 25, 12.5µg/mL, respec-
tively to 65, 66, 67, 68, 70, 71, and 723. Compound 69 was not tested [65,66].

Sesquiterpene ortho-quinone mansonone C (73) was obtained from dichlo-
romethane extract of Mansonia gagei Drumm (Sterculiaceae) heartwood and 
exhibited larvicidal activity against larvae of Ae. aegypti, with a minimal con-
centration of the compound required to kill all the larvae in 24h of 6.25ppm 
[67]. In addition, methyl vilangin (74), obtained from air-dried berries of Embe-
lia schimperi (Myrsinaceae), was found to be lethal against second instar larvae 
of Ae. aegypti by disrupting the process of metamorphosis and then leading to 
death (100µg/mL of 74 caused 70% mortality of second instar stage) [68].
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There is no direct experimental evidence for the biosynthetic origin of cor-
diaquinones. However, Arkoudis and Stratakis suggested a Diels–Alder reac-
tion of the naturally occurring β-farnesene (B18) or epoxy-β-farnesene (B19) 
with benzoquinone (B20) to give cordiaquinone skeleton (B21 or B22), which 
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in turn led to cordiaquinones by acid-catalyzed cyclization (Scheme 4) [69]. 
They also indicated an alternative route where naphthoquinone moiety of cor-
diaquinones (B16) could arise from a polyketide pathway, similar to plumbagin 
(42) [61] and anthraquinones [70].

Since p-benzoquinones and derivatives show larvicidal activity against Ae. 
aegypti larvae, six structurally related compounds were prepared in order to 
investigate such structural modifications that can increase their potencies against 
third instar larval stage. They are para-benzoquinone (75), 2-methyl-benzo-
quinone, 2-methyl-para-benzoquinone (76), 2,6-dimethyl-para-benzoquinone 
(77), 2,5-dimethyl-para-benzoquinone (78), 2-isopropyl-para-benzoquinone 
(79), and thymoquinone (80) and their respective LC50 values were 90, 61, 
42, 57, 33, 48µg/mL [71]). The unsubstituted para-benzoquinone (75) was the 
compound that exhibit the lowest activity (LC50 = 90.0µg/mL) while compounds 
containing alkyl groups showed lower LC50 values; among this, it could be sug-
gested that lipophilicity may be related to the larvicidal activity [71].
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Anthraquinones
Emodin (81) was isolated from the methanol crude extract from seeds of Cassia 
obtusifolia (Fabaceae) and evaluated against early fourth instar larvae together 
with the commercially available hydroxyanthraquinones alizarin, danthron, 
quinizarin, and purpurin (82), from which only 81 and 82 exhibited larvici-
dal activity with LC50 of 1.9 and 19.6µg/mL, respectively [72]. In addition, 
anthraquinone-2-carboxilic acid (83) and (84) were active with LC50/LC90 of 
16.3/25.0 and 15.4/23.7ppm, respectively [62].

Five anthraquinones were obtained from Morinda citrifolia (Rubiaceae) 
roots and they were identified by spectroscopic analyses including NMR, 
MS, and IR as 1-hydroxy-2-methylanthraquinone (85), damnacanthal (86), 
 nordamnacanthal (87), 2-formyl-1-hydroxyanthraquinone (88), and morindone-
6-methyl-ether (89) [73]. 85 and 86 exhibited LC50 of 1.8 and 7.4µg/mL, and 
LC90 of 2.9 and 16.5µg/mL, respectively, while compounds 87, 88, and 89 gave 
activity at concentrations superior to 15µg/mL [73].
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Lignans and Neolignans
When chloroform fraction obtained from the methanol extract of Phryma lep-
tostachya var. asiatica (Verbenaceae) roots was examined against third instar 
larvae Ae. aegypti, it was observed that the fraction caused toxicity to mos-
quito larvae at a concentration of 50ppm after 24h exposure [74]. Subsequent 
studies afforded the isolation of two lignans, leptostachyol acetate (90) and 
8’-acetoxy-2,2’,6-trimethoxy-3,4,4’,5’-dimethylenedioxyphenyl-7,7’-diox-
abicyclo-[3.3.0]-octane (91), which were identified by means of spectroscopic 
methods. Compound 90 exhibited an LC50 value of 2.1ppm, while the unsub-
stituted C6’ position leptostachyol acetate analogue (91) revealed weak or 
no activity in 24h at 10ppm [74]. In addition (−)-asarinin (92), isolated from 
the methanolic extract of Asarum heterotropoides (Aristolochiaceae) roots, 
exhibited larvicidal activity (LC50 = 10.49ppm) against third instar  larvae Ae. 
aegypti [75].

Bioassay-guided fractionation of chloroform extract from leaves of Piper 
fimbriulatum (Piperaceae) resulted in the isolation and identification of three 
lignans 3,4,5’-trimethoxy-3’,4’-methylenedioxy-7,9’,7’,9-diepoxylignan (93), 
7-epi-sesartemin (94), and diayangambin (95) through 1-D and 2-D NMR 
experiments [76]. Among these, only 93 and 94 have shown an LC100 value of 
25.0 and 17.6µg/mL, respectively. Besides, grandisin (96) obtained from Piper 
solmsianum exhibited toxicity to 50% of first instar larvae at 2.37ppm [77].
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Phenylpropenes and Phenolic Derivatives
Biological activities of phenylpropenes myristicin (97), apiol (98), and dill-
apiol (99), isolated from roots and greens (all aerial plants, including seeds) of 
Anethum graveolus L. (Umbelliferae), were investigated against third instar of 
Aedes larvae exhibiting LC50 values of 10.8, 11.5, and 11.0ppm, respectively 
[78]. A mixture of elemicin (100) and trans-isoelemicin (101) were obtained 
in addition to 97 from the dichloromethane extract of Diplolophium buchanani 
(Umbelliferae) leaves. These compounds exhibited larvicidal activity against 
larvae Ae. aegypti, with 100% mortality at 25.0 and 100ppm, respectively to 97 
and 100 + 101 mixture [79].

Compound 1-(3’-methoxypropanoyl)-2,4,5-trimethoxybenzene (102), iso-
lated from the dichloromethane extract of Cordia alliodora (Boraginaceae) 
root bark, exhibited the minimal concentration required to kill all the second 
instar larvae within 24h at the value of 12.5µg/mL, while β-asarone (103) 
exhibited lethal concentration at 25µg/mL [80]. Moreover α-asarone (104) 
and methyleugenol (105) obtained from A. heterotropoides (Aristolochiaceae) 
exhibited LC50 values of 26.99 and 57.65ppm, respectively against third instar 
larvae [75].

During investigation of the larvicidal activity on red oil of Myroxylon bal-
samum (Fabaceae) three commercial phenylpropanoids were assayed against 
third instar larvae: cinnamic aldehyde (106), eugenol (107), and safrole (108) 
exhibited LC50 values of 24.4, 44.5, and 49.0ppm, and LC90 values of 54.7, 100, 
and 63.8ppm, respectively [81].

Santos et al. have described the larvicidal activity against third instar 
larvae of Ae. aegypti of phenylpropanoids and phenol derivatives gener-
ally found in plants [83–89]. Among the tested compounds the LC50 values 
obtained were: 88ppm to eugenol (107), 513ppm to vanillin (109), 136ppm 
to salicylaldehyde (110), 194ppm to phenol (111), 243ppm to (112), 
577ppm to (113), and 177ppm to (114) [82]. These compounds have phenol 
as a common template which showed an LC50 of 194ppm. Moreover, the 
presence of an additional hydroxyl group into aromatic ring has resulted 
in less potent compounds, while introduction of a methoxyl (114) or an 
aldehyde group (110) has resulted in a significant increase of potency. For 
Santos et al., a possible explanation for this structure–toxicity relationship 
may be the presence of the hydroxyl groups would prevent the substance 
penetration in the larvae cuticle and reaching its targets [82]. Moreover, 
piperonal (115) presented toxicity against fourth instar larvae of Ae. aegypti 
at 200ppm [90].

Sodium anacardate (O-penta-decadienyl-salicylic acid) (116), obtained 
by extraction of cashew nut shell liquid (CNSL) from Anacardium occi-
dentale (Anacardiaceae), had toxic effects against eggs (EC50 162.93ppm), 
third instar larvae (LC50 55.47ppm), and pupae (LC50 369.78ppm) of 
Ae. aegypti [91].
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Coumarins
Two furanocoumarins oxypeucedanin (117) and oxypeucedanin hydrate 
(118) were isolated through bioassay-guided fractionation of D. bucha-
nani (Umbelliferae) leaves and only 117 showed toxicity to Aedes mos-
quito with LC100 of 25ppm [79], suggesting therefore, that introduction of 
a polar group could decrease or lose larvicide action. Marmesin (119) was 
found in roots of Poncirus trifoliate (Rutaceae) and showed to be toxic to 
fourth instar mosquito larvae with LC50 of 0.082ppm and LC90 of 0.152ppm 
after 24h [92].

A mixture containing pimpinellin (120) and its photodimerization product 
(121), as well as a mixture containing 120 together to swietenocoumarin B (122) 
exhibited LC50 of 45.77 and 62.23ppm against fourth instar, respectively [93]. 
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These compounds, identified on the basis of spectroscopic methods, were 
obtained in addition to other non-larvicidal coumarins from the hexane fraction 
from the roots of Esenbeckia grandiflora (Rutaceae) [93].

The bioactive hexane extract of Tagetes lucida (Asteraceae) against third 
instar larvae Ae. aegypti (LD50 55.7ppm; LD90 107.5ppm) was analyzed by 
TLC, preparative TLC and GC/MS, from which the 7-methoxy coumarin (her-
niarine) (123) was identified in the bioactive fraction that led 100% mortality 
at 45ppm [94].
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As coumarins have been known for their various biological activities includ-
ing pesticides and anticoagulants effects, some research groups have prepared 
some derived compounds and tested them against early fourth instar of Aedes 
mosquito. Deshumukh et al. synthesized four 4-methyl-7-hydroxy coumarins 
124–127, being 124 the most active with LC50 of 2.23ppm [95]. Compounds 
125–127 had LC50 of 34.04, 77.99, and 89.60ppm, respectively, and the cou-
marin P124 also decreased hatching of Ae. aegypti eggs in 52.5% at 25ppm 
and caused 100% post-embryonic mortality of first and second instar at 25ppm 
[95]. Jung and Moon investigated the synthesis of 4-hydroxycoumarin deriva-
tives and produced eight coumarin derivatives (128–135) [96]. Compounds 
brofifacoum (130), difethialone (131), cis-flocoumafen (134), and trans-flo-
coumafen (135) were toxic showing LC50/LC90 of 8.23/13.23, 41.35/54.47, 
9.34/15.32, and 54.13/74.28ppm, respectively. The other had LC50 values 
greater than 190ppm [96].
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Styrylpyrones
Goniothalamim (136) is a styryldihydropyrone isolated from the bark of Gonio-
thalamus andersonii Sinclair (Annonaceae) and from other species of this genus 
[97], that showed an LC50 of 15.0µg/mL and LC90 of 57.7µg/mL) against third 
instar larvae Ae. aegypti [46].
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Chromanones
During the studies on chemical composition of plants from the genus Eupatorium 
(Asteraceae), the essential oil from roots of Eupatorium betonicaeforme (D.C.) 
Baker showed LD100 of 50ppm against third instar mosquito larvae [98]. Purification 
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steps were performed resulting in the isolation and identification of two major com-
pounds: 2,2-dimethyl-6-vinylchroman-4-one (137) and 2- senecioyl-4-vinylphenol 
(138) that exhibited LD100 at 50 and 100ppm, respectively. Moreover, 137 caused 
84% mortality at 12.5ppm indicating that it is probably the major active principle 
responsible for the larvicidal action of the essential oil [98].

A rare natural chromanone 6,7-dimethoxy-4-chromanone (139) was isolated 
from the seeds of Derris trifoliate (Fabaceae) and shown to be toxic to the sec-
ond instar larvae with LC50 of 14.8ppm [99].
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Flavonoids
Investigation of the larvicidal extract of Lonchocarpus chirinanus (Legumino-
sae) root bark resulted in the isolation and identification through spectrometric 
methods, of the stilbene 3,5-dimethoxystilbene (140) and seven prenylated stil-
benes, named longistylines C–D (141 and 142) and chiricanines A–E (143–147) 
[100]. Considering structure–activity relationship the nonprenylated stilbene 
140 was the compound that exhibited the highest activity with minimal concen-
tration of 3ppm required to kill all the larvae in 24h. Following, 142 and 143 
caused 100% mortality at 6ppm, suggesting therefore, that the introduction of 
prenyl group decreased the toxic effect. Moreover, prenylated stilbenes having 
a methoxyl group rather than hydroxyl group such as 141 and 145 or cyclised 
prenyl units as in 144 and 146 were inactive against Ae. aegypti larvae. Com-
pound 147 was not tested [100].
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The compound 2’-6-dihydroxy-4’-methoxychalcone (148) obtained from Poly-
gonium senegalensis (Polygonaceae) was toxic to second instar Ae. aegypti with 
LC50 of 16.15µg/mL after 48h [101].

Naringenin (149) is the well-known flavanone that exhibited toxicity 
against late third instar mosquito larvae with LC50 of 3.7µg/mL and LC90 of 
15.1µg/mL [46]. Its glycosylated form named naringin (or naringoside) (150) 
as well as poncirin (151), isolated from leaves of Poncirus trifoliata (Ruta-
ceae) also showed larvicidal activity against fourth instar stage with LC50 
of 0.122 and 0.103ppm, and with LC90 of 0.223 and 0.191ppm, respectively 
[92]. Besides, 150, 151 and the dihydrofuranocoumarin marmesin (119) also 
possessed ovicidal activity and 151 exhibited 100% repellence against this 
mosquito [92].

Lupinifolin 4’-methyl-ether (152) and lupinifolin (153) were isolated 
from the seed pods of D. trifoliate (Leguminosae) to be tested against second 
instar larval stage of Aedes and both had an LC50 value higher than 20ppm 
at 24h [102].
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The glycosylated flavone rhoifolin (154), found in the leaves of P. trifo-
liata (Rutaceae), exhibited a toxic effect against fourth instar larvae with LC50 
and LC90 of 0.085 and 0.171ppm, respectively; it also showed 100% repellence 
against the mosquito and strong oviposition deterrent effect with production of 
a 66.3% repellence at 2.0ppm [92].

Fractionation of the methanolic extract of Melicope subunifoliolata 
(Rutaceae) leaves was performed to obtain pure bioactive compound, named 
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meliternatin (155) which in turn exhibited larvicidal activity (LC50 = 0.47µg/
mL; LC90 = 1.45µg/mL) against third instar larvae Ae. aegypti [46]. Quercetin 
(156) obtained from P. senegalensis (Polygonaceae) was toxic to second instar 
Ae. aegypti with LC50 of 16.15µg/mL after 48h [101].

A fraction enriched with the catequic tannin (157) obtained from Mago-
nia pubescens (Sapindaceae) exhibited a larvicidal action against third 
instar Aedes larvae with LC50 of 3.1ppm and LC90 of 36.6ppm [103]. Stud-
ies to elucidate its mode of action revealed that tannins caused morpho-
logical and histological alterations such as extrusion of the peritrophic 
matrix, that protects the midgut epithelium from chemicals, toxins, patho-
gens and mechanical damages, vacuolation and absence of cytoplasmatic 
limits, vesicular apical formation with release of the cytoplasmic contents, 
increase in the intercellular spaces and detachment of the cells from the 
basal membrane [104].
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From the culture broth of the filamentous bacteria Streptomyces sp. (85–88) 
cultivated on soybean were isolated three flavonoids: the flavone tangeterin 
(158) and the isoflavonoids genistein (159) and daidzein (160) that arise 
from hydrolysis of the corresponding glycosides present in soybean by gly-
cosidases produced by this micro-organism [105]. Compounds 159 and 160, 
in addition to flavonoids formononetin (161) [106] and retusin (162) [107] 
were acetylated producing their respective acetylated forms (163–166). All 
compounds were assayed against third instar larval of Aedes mosquito and 
their LC50 values were calculated after 48h. The acetate derivatives 163, 164 
and 165 were more toxic (with LC50 value of 4.0, 2.0, and 2.5ppm, respec-
tively) than their corresponding flavonoids 159, 160, and 161 that exhibited 
LC50 value of 10.8, 7.6, and 10.7ppm, respectively. Isoflavone 158 showed 
LC50 of 7.2ppm and retusin (162) and its acetylated derivative (166) was not 
active [105].

Rotenone (167) has been reported in 12 genera of plants belonging to Legu-
minosae, containing the genus Tephrosia the largest number of rotenoid pro-
ducing species [108]. This compound caused 100% mortality within 3 days of 
fourth instar larvae of Ae. aegypti at a concentration of 10ppm [109]. Crude 
methanol extract of the seeds from Derris foliate exhibited LC50 of 0.74µg/
mL against second instar of Aedes and its fractionation revealed that 167 is the 
major compound in this extract, being responsible for the toxicity against this 
mosquito with LC50 of 0.47µg/mL [99].

Other rotenoids were obtained from the larvicidal chloroform extract of 
seeds from Millettia dura Dunn (Leguminosae) (LC50 value of 3.5ppm at 24h 
against second instar larvae stage) [110]. They were isolated previously from 
M. dura in addition to the 167 and were identified as millettone (168), milletto-
sin (169), deguelin (170), and tephrosin (171) [111]. Compounds 168–171 and 
dehydrodeguelin (172) (prepared by dehydration of 171) were evaluated against 
second instar [110]. LC50 values of 1.6 and 1.4ppm were registered for 170 and 
171, respectively. Rotenoids 168 and 169 were not active up to 20µg/mL, sug-
gesting the importance of methoxyl groups at C-2 and C-3 for the toxic effects. 
Moreover, 172 was inactive, which can be attributed to the presence of a double 
bond between B/C ring junction [110]. Besides, compounds 170 and 171 also 
caused 100% and 95% mortality of fourth instar larval stage, respectively, at a 
concentration of 5µg/mL [109].

Fractionation of bioactive roots extract of Tephrosia toxicaria Pers (LC50 
47.86ppm) resulted in the isolation and identification of three known rotenoids 
namely 6a, 12a-dehydroβ-toxicarol (173), 6a, 12a-dehydroα-toxicarol (174), 
and α-toxicarol (175), but only 175 showed larvicidal activity against third 
instar with LC50 24.55ppm. Compound 173 was not tested and 174 had an LC50 
superior to 50ppm [112].
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Biosynthetic work on the rotenoids are summarized in the review written 
by Crombie and Whiting [113]. These compounds are characterized as isofla-
vonoids according to the biosynthetic studies. Conversion of L-phenylalanine 
(B24) into trans-(E )-cinnamic acid (B25) through elimination of ammonia 
from the side chain via the enzyme L-phenylalanine ammonia lyase (PAL) with 
subsequent hydroxylation by cinnamate 4-hydroxylase and thioesterification 
via 4-coumarate Coa ligase give 4-hydroxycinnamoyl-CoA (B26) as shown in 
Scheme 5. B26 is the starter unit that condenses with three molecules of mal-
onyl-CoA (B2) producing the intermediate B27 that lose one of the hydroxyl 
groups due to the action of a reductase enzyme (B28) and the isoliquiritigenin 
(B29) is formed via chalcone synthase intervention. A Michael-type nucleo-
philic attack of hydroxyl on to α,β-unsaturated ketone at B29 produces the fla-
vanone liquiritigenin (B30). Afterwards, a rearrangement with 1,2-aryl group 
migration takes place initiated by isoflavone synthase, an NADPH dependent 
P450-iron-containing enzyme, transforms B30 into the isoflavone daidzein 
(160) via intermediate hydroxyisoflavanone (B31).



302 Studies in Natural Products Chemistry

O O

O

O
H

OMe
OMe

H

167

170

O

O

O
H

OMe
OMe

O

H

OH

O

NH2

PAL
OH

O

SCoA

O

HO

3x
SCoA

O

CoAS

O

SCoAO

O

O O

OH

NADH
reductase

SCoAO

O

OH O

OH

Claisen

HO OH

O

OH

HO O

O

OH

H

H

O2
NADPH HO O

O
OH

OH

-H2O

HO O

O
OH

SAM

HO O

O
OMe

HO O

O
OMe

OMe

OMe
HO O

O
OMe

OMe

O

HO O

O
OMe

OMe

O
H

H

HO O

O
OMe

OMe

O
H

H

+ OPP

HO O

O
OMe

OMe

O
H

H

B24
B25

B26

B2

B27
B28B29

B30
B31

160

161
B32B33

B34

B35

B17

B36

O=Fe-Enz

O2
NADPH

4´

7

2
3

2´

4´

5´

O2
NADPH

SCHEME 5 Proposed biosynthetic pathway to rotenone (167) and deguelin (170). Adapted from 
[113] and [10].
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A methoxyl group is inserted in 161 by S-adenosylmethionine (SAM) to 
produce formononetin (161) followed by hydroxylation/methoxylation phase 
producing the intermediate 7-hydroxy-2’,4’,5’-trimethoxy isoflavone (B32). 
Oxidation of 2’-methoxy group at B32 (hydroxylation and loss of hydroxide) 
would give B33 and electrocyclization (B34) and hydride donation produces 
demethylmunduserone (B35). Next, introduction of a C5 isoprene unit (B17) 
via dimethylallylation of B35 (C-alkylation at activated position ortho to phe-
nol) gives rotenonic acid (B36) which under cyclization to five-membered ring 
produces rotenone (167) or to six-membered that forms the dimethylpyrane sys-
tem of deguelin (170) [10,113].

Rotenone (167) and other rotenoids are powerful insecticides since they 
interfere with oxidative phosphorylation, blocking transfer of electrons to ubi-
quinone by complexing with NADH:ubiquinone oxidoreductase of the respira-
tory electron transport chain, being rapidly inactivated in the presence of light 
and air [10].

Terpenoids
Bioassay-guided chromatography of essential oil of Eucalyptus camadulensis 
(Myrtaceae) resulted in the isolation and characterization (by NMR analysis and 
synthesis) of 4-isopropylbenzyl alcohol (176) and eucamalol (177) [114]. These 
compounds exhibited potent mosquito-repelling activities against Ae. aegypti 
immediately after their applications (100% repellency), and 1h after treatment, 
176 and 177 exhibited 23% and 92% repellency, respectively compared with 
the commercial DEET that showed 84% activity. Among this, 177 showed 75% 
repellency even 3h after application [114]. Moreover, (+)-fenchone (178), iso-
lated from the methanol extract of fruits from Foeniculum vulgare [Apiaceae 
(Umbelliferae)], exhibited repellent activity against hungry Ae. aegypti females 
with 94% and 82% repellency at 0.01 and 0.005mg/cm2, respectively and at a 
dosage of 0.4mg/cm2; 178 exhibited 76% repellent activity at 30min after treat-
ment [41].

The major insecticidal principle obtained from dill greens (A. graveolus 
L., Umbelliferae) was the monoterpenoid d-carvone (179) that showed toxicity 
against third instar of Aedes larvae with LC50 value of 107ppm [78]. The essen-
tial oil from leaves of Hyptis martiusii Benth (Labiatae) was tested against 
third instar larvae of Ae. aegypti inducing 100% mortality after 24h at a dosage 
of 250ppm [115]. The oxygenated monoterpene 1,8-cineole (180), isolated by 
chromatographic procedures, was the major constituent (24.27%) and produced 
100% mortality at 100ppm [115]. Moreover, bioassay-monitored fractionat-
ing of hexane fraction of the methanol extract from leaves of Chamaecyparis 
obtuse (Cupressaceae) resulted in the isolation of β-thujaplicin (181) that 
showed larvicidal activity (LC50 = 2.91ppm) against fourth instar  larvae of 
Ae. aegypti [116].
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Due to different LC50 values found in the literature for monoterpenoids 
it becomes difficult to propose the structure–toxicity relationships between 
them. However, some evidences could be commented. For example, removal 
of the hydroxyl group from thymol (212) or carvacrol (213) increased larvicide 
potency as observed for p-cymene (211) [82], and differences on LC50 values 
from enantiomeric (+)- and (−)- monoterpenoids (194–197, 203–204), suggest-
ing a chiral recognition by receptors and enzymes [82]. The position of the dou-
ble bond may alter the activity as observed for α- and β- pinenes (194–197) [81].

TABLE 1 Larvicidal Activities (LC50) of Evaluated Monoterpenoids on 
Third Instar Larvae of Ae. aegypti

Compound
LC50, 
ppm Ref. Compound

LC50, 
ppm Ref.

geraniol  
(182)

81.6 [81] verbenone (198) 93.16 [117]

citronelal  
(183)

>100 [81] fenchene (199) 69.28 [81, 117]

linalool  
(184)

>100a, 
96.6b

[81]a, [117]b borneol (200) 94.89a

610b

[117a, 82b]

myrcene  
(185)

66.42 [117] (+)-camphor (201) 657 [82]

(+)-limonene 
(186)

24.47 [117] isoborneol (202) 598 [82]

d-carvone 
(179)

107a, 
43.8b

[78]a, [81]b (+)-camphene  
(203)

406a

67.02b

[82]a, [117]b

(−)-menthol 
(187)

>100 [81] (−)-camphene  
(204) 84.6%

220 [82]

1,8-cineole 
(180)

74.91a, 
1419b, 
57.2c

[117]a, [82]b, 
[118]c

5-norbonene-
2-endo,3-endo- 
dimethanol (205)

1407 [82]

1,4-cineole 
(188)

751 [82] 5-norbonene-
2-exo,3-exo- 
dimethanol (206)

717 [82]

α-terpineol 
(189)

111.78 [117] 5-norbonene-2,  
2-dimethanol (207)

785 [82]

terpine-4-ol 
(190)

64.76 [117] 5-norbonene-2-ol 
(208)

759 [82]

terpinolene 
(191)

15.32 [117] Δ3-carene (209) 19.19 [117]

Continued
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The sesquiterpene E-nerolidol (214) was isolated from the bioactive hexane 
fraction (LC50 13.0ppm) of ethanolic extract from M. balsamum (Fabaceae) red 
oil. 214 caused 50% mortality of third instar larvae of Aedes at a concentration 
of 17.0ppm, being less active than its original fraction [81]. This may suggest 
a synergism effect into this fraction with minoritary components. Besides, its 
isomeric form, E,E-farnesol (215) exhibited an LC50 value of 13.0ppm [81].

ar-Turmerone was obtained from volatile oil of rhizomes of Curcuma longa 
(Zingiberaceae) (216) that caused 100% mortality at 50ppm on fourth instar 
Aedes mosquito [119]. Fractionation of the dichloromethane extract of Targio-
nia lorbeeriana (Targionaceae) afforded three guaianolide-type sesquiterpene 
lactones and two germacranolides [120]. Their structures were assigned by 
spectroscopic methods (NMR and MS) as dehydrocostus lactone (217), acet-
yltriflocusolide lactone (218), 11-α-H-dihydrodehydrocostus lactone (219) 
acetylsalonitenolide (220), and 8-acetylsalonitenolide (221). Larvicidal assay 
against larvae of Aedes were performed and LD100 of 12.5, 50, and 50 were 
registered, respectively, to 217, 218, and 219, while compounds 220 and 221 
did not caused death of larvae [120].

Two Verbenaceae plants, Callicarpa americana and C. japonica, were 
examined for their bite-deterring constituents and, bioassay-guided frac-
tionation using Ae. aegypti mosquitoes, afforded three bioactive compounds 
from both plants, namely humulene epoxide II (222), callicarpenal (223), 

TABLE 1 Larvicidal Activities (LC50) of Evaluated Monoterpenoids on 
Third Instar Larvae of Ae. aegypti—Cont’d

Compound
LC50, 
ppm Ref. Compound

LC50, 
ppm Ref.

γ-terpinene 
(192)

17.11 [117] eucarvone (210) 130.35 [117]

α-phellandrene 
(193)

23.08 [117] β-thujaplicin 
(181)

2.91 [116]

(+)-α-pinene 
(194)

74.3a, 
50.92b, 
15.4c

[81]a, 
[117]b, 
[118]c

p-cymene (211) 51 [82]

(−)-α-pinene 
(195)

64.8 [117] thymol (212) 81 [82]

(+)-β-pinene 
(196)

42.5a, 
22.39b, 
12.1c

[81]a, 
[117]b, 
[118]c

carvacrol (213) 69 [82]

(−)-β-pinene 
(197)

15.40 [117]
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and intermedeol (224), as well as spathulenol (225) from C. japonica [121]. 
These sesquiterpenes, which showed significant deterrent effect, had their 
structures assigned by means of spectroscopic methods and comparison of data 
reported in the literature [121]. In addition, callicarpenal (223), when applied 
to cloth at 25nmol/cm2, deterred the biting of Aedes mosquito more effectively 
than DEET (proportion of mosquitoes not biting of 0.91 and 0.67 for 223 and 
DEET, respectively; control treatment was 0.21) [87]. Moreover, a selection 
of 12 sesquiterpenes were evaluated for their repellent activity, but only two 
hedycaryol (226) and 10-epi-γ-eudesmol (227) showed the highest levels of 
repellency with 100% and 82.2% repellency after 60min, respectively, at a con-
centration of 78.6µg/cm2, while DEET caused 71.9% repellency [122].

Randomly screening for new pesticides (against first instar of Ae. aegypti) 
resulted in the isolation of two eudesmanolides, alantolactone (228) and iso-
alantolactone (229) from Inula helenium (Asteraceae), that exhibited LC50 val-
ues of 36.2 and 10.0ppm, respectively [123]. Moreover, several analogues of 
228 and 229 were designed but none of the synthetic isomers were more active 
than 229 itself [123].

The sesquiterpene β-caryophyllene (230) also exhibited larvicidal effect 
against third instar of Aedes with LC50 value of 88.30ppm [117].
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Labdane-diterpenoid labda-8(17),12-diene-15,16 dial (231) was isolated 
through bioassay-guided fractionation of ethyl acetate extract from C. longa L. 
(Zingiberaceae) rhizomes and led to 100% mortality of fourth instar Aedes lar-
vae at 10µg/mL within 48h, as well as showed antifungal activity against three 
different species of Candida [119]. Moreover, studies on larvicidal activity of 
oil-resin from Copaifera reticulata Ducke (Leguminosae) led to the isolation of 
four ent-labdane diterpenoids (−)-3β-acetoxylabdan-8(17)-13-dien-15-oic acid 
(232), ent-alepterolic acid (233), (−)-3β-hydroxylabdan-8(17)-en-15-oic acid 
(234), and ent-agatic acid (235) [124]. The toxicity of these compounds against 
third instar larvae were determined and diterpenoids 232 and 233 exhibited LC50 
(and LC90 values) of 0.8ppm (8.2ppm) and 87.3ppm (128.8ppm), respectively. 
The two latter diterpenoids were not active against these larvae [124]. Besides, 
ultrastructural alterations in the midgut such as cytoplasmatic vacuolation, cell 
disruption and degeneration caused mortality of larvae when treated with 232 
after 22h were reported [125].
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Bioassay-guided fractionation of the ethanolic extract from seeds of Pter-
odon polygalaeflorus (Benth) (Leguminosae) led to the isolation of three 
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vouacapane diterpenoids 6α-hydroxyvouacapane-7β,7α-lactone (236), 6α,7β-
dihydroxyvouacapan-17β-oic acid(237), and methyl 6α,β-dihydroxyvaoucapan-
17β-oate (238) that exhibited larvicidal activity against fourth stage larvae of 
Ae. aegypti after 24h [126]. 237 was the most active larvicide with LC10, LC50, 
and LC90 values of 7.85, 14.69 and 27.50µg/mL, respectively, followed by 238 
which showed LC10, LC50, and LC90 values of 18.85, 21.76, and 25.13µg/mL. 
Diterpenoid 236 was toxic to larvae with LC10, LC50, and LC90 values of 28.73, 
50.08, and 87.31µg/mL, respectively [126], indicating that the presence of a 
γ-lactone caused the reduction of the larvicidal activity. In addition the furane-
diterpenoid 6-α-acetoxy vouacapane (239), obtained from P. polygalaeflorus 
fruits, showed an LC50 of 186.21ppm against third stage larval of Aedes mos-
quito [127].

Ryanodane diterpene isolated from ripe fruit of Erythroxylum passerinum 
(Erythroxylaceae) was identified as 14-O-methyl ryanodanol (240) by compari-
son with literature data and tested for its larvicidal activity against first instar 
with LC50 of 82ppm [128].

Oleanolic acid (241) is a triterpene present in more than 120 plants with 
diverse biological effects such as antitumoral, antiulcerogenic, hepatoprotector 
and HIV-1 protease inhibitor [129]. Among this, 241 also presented toxicity 
against first instar of Aedes larvae with LC50 of 4.4ppm [130].

A combination of chromatographic and spectroscopic techniques 
resulted in the isolation and identification of four monodesmoside saponins 
242–245 and one bidesmoside saponin 246. All saponins were submitted 
to assay for their larvicidal activity against third instar larval stage, giving 
LC50 values of 18.6, 25.1, 27.9 and 104.7ppm, respectively, to 242–245. The 
bidesmoside saponin 246 did not cause any mortality suggesting, therefore, 
the influence of a free carboxyl group in the larvicidal effect [131]. Saponin 
247 is the main saponin found in root-derived callus of Balanites aegyp-
tiaca (Balanitaceae) that showed to be a larvicidal dose-dependent with 30, 
63, and 88% mortality of third instar at 500, 1000 and 1500ppm after 48h, 
respectively [132].

Two tetranortriterpenoids named nimocinolide (248) and isonimocino-
lide (249), isolated from leaves of Azadirachta indica (Meliaceae), have been 
reported as mutagenic agent against Aedes mosquito [133] and larvicidal toxic-
ity with LC50 0.625 and 0.74ppm, respectively [12]. Continuous studies on this 
plant have led to the isolation of 23-O-methylnimocinolide (250) and 7-O-deace-
tal-23-O-methyl-7-O-senecioylnimocinolide (251) that showed toxicity against 
fourth instar larvae with LC50 53.0 and 2.14ppm, respectively [134]. 251 was 24 
times more toxic than 250 and the difference is due to senecioyloxy group in the 
former instead of acetoxy group in the latter [134]. In addition, 6α-O-acetyl-7-
deacetylnimocinol (252) and nimocinol (253) also showed larvicidal properties 
with LC50 values of 21 and 83ppm, respectively [135].
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Natural and derivatives gedunin-related limonoids were tested against fourth 
instar larvae of Ae. aegypti at 10 and 50ppm [136]. Gedunin (254) and epoxy-
azadiradione (255) exhibited 100% toxicity at 50ppm, while epoxynimoli-
cinol (256) displayed approximately 50% mortality. Compounds azadiradione 
(257), nimbocinol (258), nimolicinol (259), and 1α,2α-epoxynimbocinol (260) 
showed toxicity with % mortality between 20 and 40%, while the compounds 
3,3-O-16,16-O-tetrahydroepoxyazadiradione (261), diacetate of tetrahydroge-
dunine (262), and 3,3,-O-dihydrogedunine (263) did not caused any larvae 
death after treatment [136]. Only 254 have displayed 100% larvicidal effect at 
10ppm [136].

Calodendrolide (264), limonin (265) and limonin diosphenol (266) were 
isolated from root barks and seeds of Calodendrum capense Thumb (Rutaceae) 
and tested for their larvicidal properties against second instar mosquito larvae 
and displayed the following LC50 values of 13.1, 71.6 and 217.1ppm, respec-
tively [137]. Further three additional limonoids harrisonin (267), pedonin (268), 
and pyroangolensolide (269) were also obtained and showed LC50 values of 
16.6, 28.1, and 59.2µM, respectively [138].
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From methanol extract of stems from Spathelia excels (Rutaceae) were 
obtained the limonoid deacetylspathelin (270) and a glabretal-type triterpenoid 
(271) that showed larvicidal activity against third instar larvae with LC50 69 and 
4.8ppm, respectively [139].
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Neem formulation of azadirachitin (272) (Niconeem, 0.03% of 272), a 
known limonoid possessing insecticidal activities, was tested against fourth 
instar larvae of Ae. aegypti and showed an LC99 20.9ppm [140]. Its mode of 
action is different of other insecticides since 272 did not kill the insects imme-
diately; it attacks the insect’s reproductive cycle, its feeding pattern and, there-
fore, these insects are not able to reproduce, eat or grow [141].

Limonoids are tetranortriterpenoids derived biosynthetically from euphane 
or tirucallane triterpenoids. Proposed biosynthetic pathway for these com-
pounds starts with carbocation mediated cyclization of squalene 2,3-oxide 
(B38) producing the tertiary protosteryl cation (B39) that gives their precursors 
euphol (20R) (B40) or tirucallol (20S) (B41) through a series of concerted Wag-
ner–Meerwein migrations of methyls and hydrides (Scheme 6) [10,12,141]. An 
allylic isomerisation led to butyrospermol (B42), followed by epoxidation to a 
7-epoxide (B43), and subsequent epoxide opening through Wagner–Meerwein 
rearrangement of methyl group at C-14 to C-8 give apo-euphol (B44) and apo-
tirucallol (B45) intermediates. Oxidative degradation at C-17 side chain of 
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either of these precursors results in loss of four carbon atoms and formation 
of β-substituted furan (B46). Further oxidations and skeletal rearrangements in 
one or more rings give rise to different groups of limonoids [10,12,141].

Alkaloids and Amides
Mosquitocidal, antimicrobial and topoisomerase I and II bioassays guided frac-
tionation from the crude acetone extract from the leaves of Murraya koenigii 
(Rutaceae) resulted in the isolation of the carbazole alkaloids mahanimbine 
(273), murrayanol (274) and mahanine (275) [142]. Their structures were con-
firmed by 1H and 13C NMR spectra data and their mosquitocidal properties 
were evaluated against fourth instar larval Aedes with LD100 of 100, 12.5 and 
12.5ppm, respectively, to 273, 274, and 275. The latter also exhibited 69% mor-
tality at 1ppm [142]. The increase of toxic properties of 274 and 275 could be 
attributed to the oxidation at C-7 carbon in these compounds.

The bioactive methanol extract from the roots of Rollinia leptopetala 
(Annonaceae) against third instar mosquito larvae (LC50 64.6ppm) was fraction-
ated by column chromatography to give the oxoaporphine alkaloid liriodenine 
(276) that had an LC50 of 3.6ppm in addition to its antibacterial and cytotoxic 
properties [143]. Another piperidine alkaloid named N-methyl-6β-methoxy-
2β-methylpiperidine (277) was obtained from Microcos paniculata (Tiliaceae) 
stem bark and showed LC50 of 2.1ppm against second instar larvae stage [144].

The purine alkaloid caffeine (278) is a methyl derivative of xanthine and 
co-occurs in plants such as Coffea species (Rubiaceae), Thea sinensis (Thea-
ceae) – tea, Cola species (Sterculiaceae), Theobroma cacao (Sterculiaceae), Ilex 
paraguensis (Aquifoliaceae), and Paullinia cupana (Sapindaceae) [10]. This alka-
loid blocked the development the early stages of mosquito Aedes with LD100 of 
1.0mg/mL (1000ppm), probably by affecting esterase enzymes that are involved 
in several physiological processes, including insecticide degradation [145].
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Insecticidal bioassay-guided fractionation of the Piper nigrum (Pipera-
ceae) fruit extract afforded four N-isobutylamine alkaloids identified by 
spectroscopic analyses as pellitorine (279), guineesine (280), pipercide 
(281), and retrofractamide A (282) [146]. Compounds 281 and 282 were 
obtained previously from P. nigrum and Piper retrofractum, respectively 
[147,148]. These compounds together to piperine (298) showed toxic effects 
against third instar larvae of Aedes exposed for 48h, giving LC50 of 0.92, 
0.89, 0.10, 0.0391, and 5.10ppm, respectively, to 279, 280, 281, 282, and 
298, respectively [146]. In addition, pipernonaline (283), isolated from Piper 
longum fruit, also showed toxicity against the fourth larval stage with LC50 
value of 0.25ppm [149].

Subsequently, a number of compounds chemically related were found in 
a variety of extracts from P. nigrum that exhibited insecticidal activity against 
fourth instar of Aedes mosquito. Pipgulzarine (284) and pipzorine (285) had 
LC100 value of 6.0 and 70.0ppm, respectively [150]. Pipnoohine (286), pipyahyine 
(287), [(2E,4E)-octadienoyl]-N-isobutlyamide (288), sarmentine (289), [(2E,4E)-
dodecadienoyl]-N-isobutylamide (290), [(2E,4E)-dodecadienoyl]-pyrrolidine 
(291), pellitorine (292), hexadecanoylpyrrolidine (293), [(2E)-octadecanoyl]-
pyrrolidine (294), 1-[(2E,4E,12Z)-octadecanotrienoyl]- N-isobutylamide (295), 
1-[7-(3,4-methylenedioxyphenyl)-(2E,4E)-heptadienoyl]-N-isobutylamide (296) 
presented toxic effects at 35, 30, 23, 27, 26, 29, 20, 75, 64, 29, and 13ppm, respec-
tively [151]. The amide having highly extended conjugation piptigrine (297) had 
its structure elucidated by extensive NMR studies including 1D- and 2D-NMR 
and it exhibited toxicity of 15ppm against fourth instar larval stage [152]. More-
over, piperine (298), pipertipine (299), and pipercitine (300) had also showed 
toxicity against larvae, being 298 toxic at concentration of 10ppm [153].
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The continuous efforts to obtain potent insecticides led to studies on metha-
nolic extract of dried ground seeds of P. nigrum resulted in the isolation and iden-
tification of two dimer-type diamides pipsaeedine (301) and pipbinine (302) that 
showed toxicity against fourth instar at 45 and 40ppm, respectively [154]. These 
compounds were obtained and identified together to the known insecticidal 
amides tert-butyldodecadienamide (303) (25ppm), tert-butylhexadecadienamide 
(304) (27ppm), piperanine (305) (17ppm), methylenedioxyphenylnonatrienoyl-
pyrrolidine (306) (20ppm), and methylenedioxyundecatrienoylpiperidine (307) 
(25ppm) [154]. In addition Sidiqui and collaborators have been isolated the 
following amides pipwaqarine (308), [(2E,4E)-octadienoyl]-N-isobutylamide 
(309), [(2E)-hexadecanoyl]-pyrrolidine (310), [(2E,4E)-octadecadienoyl]-N-
isobutylamide (311), (2E,4E)-eicosadienoyl-N-isobutylamide (312), retrofrac-
tamide A (282), and retrofractamide D (313) that exhibited toxicity at 30, 23, 
64, 25, 25, 15, and 25ppm, respectively [155].
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Piper amides are long-chain unsaturated amides constituted of an acyl deriv-
ative component and an amine moiety where isobutylamine, pyrrolidine and 
piperidine are predominant [156]. The long-chain unsaturated acyl component 
can be classified into two main structural types: (a) (2E,4E)-dienamides that are 
derived from straight-chain fatty acids (B48), probably biosynthesized through 
extension of the non-aromatic acyl precursor such as acetyl-thioester (B1) by 
malonyl-CoA (B2) [156,157]; and (b) piperonal unit (piperic acid CoA ester 
derivatives, B53) that comes from the phenylpropanoid shikimate-derived acyl 
precursor (B50) having chain extension by fatty acid-type, as shown in Scheme 7 
[10,156,157].

Amine components are originated from aminoacids. Pyrrolidine ring (B58) 
can be biosynthesized from L-arginine (B54) or L-ornithine (B55) via putres-
cine (B56) by the loss of the carboxyl group and subsequent oxidative deamina-
tion into the aldehyde could produce the imine Δ1-pyrroline (B57). Afterwards, 
nucleophyllic substitution reaction occurs in order to get the amide (Scheme 8). 
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Piperidine moiety comes from L-lysine (B59) that produces cadaverin (B60) 
by descarboxylation; an oxidative deamination of α-amino nitrogen to obtain 
aldehyde (B61) and Schiff base formation (B62) are the next steps from this 
pathway to give this type of amide (B63). Finally, isobutylamine component 
(B66) would be derived from L-valine (B64) [10,156,157].

(a) Non-aromatic Piper amide chains

(b) Aromatic Piper amide chains

SCoA

O

HO SCoA

O O

+     x (   )n SCoA

OO

SCoA

OOH

(   )n(   )n SCoA

O

B1 64B2B

B47
B48

OH
OH

HO

COOH

NH2

OH

O

OH

O

OH

O

O

O
B2

HO SCoA

O O

O

O

O

SCoA

O

B49

B24

B25

B50

B51

B52
B53

x

(   )n

(   )n

O

O

OH

SCoA

O
(   )n

O

O SCoA

O

SCHEME 7 Proposed biosynthetic pathway for the straight chain of Piper amides [10,156,157].
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Studies on the structure–activity relationships between these amides and 
insects indicated that there are three essential points in the structures that increase 
the larvicidal effect: the conjugated dienamide chromophore (2E, 4E dienamide), 
chain length and isobutlyamine as the optimum amine moiety [146,158].

Miscellaneous
Repellency activity against mosquito Ae. aegypti was detected in a ethanolic 
solution containing dialdehyde rotundial (314), isolated from fresh leaves of 
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medicinal plant Vitex rotundifolia (Verbenaceae), showing to be efficient until 
3h after the application (70% repellency) [158]. Comparative analyses with the 
known DEET indicated 314 as superior to the available commercial product 
[158]. In addition, amagnalactone (315), isolated together with 314 from fresh 
leaves of Alberta magna (Rubiaceae), showed repellent action, but shorter than 
DEET [159].

Fractionation of extract from Sterculia guttota (Sterculiaceae) seeds has 
led to the isolation of the bis-(2-ethylhexyl)-benezene-1,2-dicarboxylate (316) 
with activity against fourth instar larvae showing an LC50 of 79ppm [160]. 
Bioassay-guided fractionation of the dichloromethane extracts of the leaves 
from Hortonia angustifolia, H. floribunda, and H. ovalifolia (Monimiaceae) 
yielded the mosquito larvicidal butenolides (317) (LC50 = 0.41ppm) and (318) 
(LC50 = 0.47ppm) against second instar larvae of Ae. aegypti [161]. Moreover, 
Rahuman et al. have studied the larvicidal activity of petroleum ether extract of 
Zingiber officinale Roscoe (Zimgiberaceae), against early fourth instar Aedes. 
The LC50 values exhibited for 4-gingerol (319), 6-dehydrogingerdione (320) 
and 6-dihydrogingerdione (321) were 4.25, 9.80, 18.20ppm, respectively [162].

The alkane pentadecane (322), that showed larvicidal activity against third 
instar larvae of Ae. aegypti (LC50 = 96.71ppm), was obtained from the methanolic 
extract of A. heterotropoides roots [75]. From the rhizomes of Curcuma aromat-
ica (Zingiberaceae) two compounds, named 9-oxoneoprocurcumenol (323) and 
neoprocurcumenol (324), were isolated and both were active against third instar 
larvae with LC50/LC90 of 5.81/9.99 and 13.63/23.75ppm, respectively [163].

Mansonone C (325) was isolated from the heartwood of M. gagei (Ster-
culiaceae) and assayed against the larvae of mosquito exhibiting an LD100 of 
6.25ppm [67]. Major volatile organosulfur compounds from seeds of A. indica 
(Meliaceae) di-n-propyl disulfide (326) and diallyl disulfide (327) were tested 
against third instar larvae of Ae. aegypti and their toxicity were represented by 
means of LD50 equal to 6 and 66ppm, respectively [164].

Wedge et al. have reported the bioassay-guided fractionation of the chlo-
roform extract from the roots of Angelica sinensis (Apiaceae) that resulted in 
the isolation and identification of the mosquito feeding-deterrent compound 
(Z)-ligustilide (328) [87]. Mosquito feeding-deterrent activity bioassay was 
performed by application of compounds 328, callicarpenal (223), isolated pre-
viously from Callicarpa species [121], and DEET to cloth at a concentration 
of 25nmol/m2 cloth. The proportion of mosquitoes not biting for (Z)-ligustilide 
(328) and callicarpenal (223) were 0.79 and 0.91, respectively, while DEET had 
0.67 of mosquitoes not biting [87].

Bioassay-directed chromatographic fractionation of the dichloromethane 
extract of Zingiber purpureum Roscoe (Zingiberaceae) using second instar of 
Aedes (LC50 4.76ppm) resulted in the isolation of 4-(3’,4’-dimethoxyphenyl)
buta-1,3-diene (329) that was tested against the bruchid Callosobruchus macu-
lates showing ovicidal activity [165]. However, the pure compound was not 
tested against Aedes mosquito.
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NATURAL INSECTICIDES DERIVED FROM FUNGI

Polyketides

A metabolite of the fungus Sesquicillium candelabrum F-114 was isolated and 
identified as 2,3-dimethoxy 5,6-dimethyl-benzoquinone (330), also named 
aurantiogliocladin, obtained previously from Gliocadium roseum cultures, 
[166]. This compound showed an activity against second instar larvae of 
Ae. aegypti with LC50 of 23.0ppm [167].

The known pentaketide ochratoxin A (331), isolated previously from 
Aspergillus ochraceus [168] and afterwards from several species of the fungal 
genera Aspergillus and Penicillium [169], was evaluated for larvicidal activ-
ity and exhibited an LD90 value of 10ppm [170]. However, its use as larvici-
dal is impracticable due to its nephrotoxic, immunosuppressive, teratogenic, 
and carcinogenic properties, leading to serious health hazard to animals and 
humans [169].
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The non-aketide aurovertin B (332) was isolated from cultures of the fun-
gal strain Calcarisporium arbuscula F-80 and had its LC50 registered larvicidal 
effect against second instar larvae was 8.7ppm [167].

Xanthonol (333), a dimeric xanthone, was isolated during the screening for 
novel antiparasitic agents from a non-sporulating fungus MF6460 and had its 
structure elucidated by spectral analysis. This bis-xanthone exhibited larvicidal 
activity against first instar of Ae. aegypti with LD90 value of 8µg/mL [171].
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The fungal pigments xanthomegnin (334) and viomellein (335) have been iso-
lated from several species of fungi [172]. They are dimeric naphtoquinones whose 
biosynthetic studies and NMR data confirmed their polyketide origin as shown in 
Scheme 9 [173]. Viomellein (335) is derived from 14 intact acetate units (B1) with 
formation of two intermediates B67 and B68, arising from alternate folding of a 
common heptaketide chain, followed by introduction of C1 units O-methylation 
and oxidative coupling. Xanthomegnin (334) is derived from coupling of two 
naphtoquinone moieties [173]. These compounds were evaluated for insecticidal 
activities against fourth instar larvae and exhibited an LC90 of 10ppm each [170].

Terpenoids

Nodulisporic acid (336) isolated from fermented culture of endophytic fungus 
Nodulisporium sp. was active against Ae. aegypti showing an LC50 of 0.5ppm 
[174]. Its structure was determined mainly by NMR methods, including Dunkel’s 
computerized 2D INADEQUATE analysis. In addition, the relative stereochemis-
try of 336 was elucidated by ROESY, NOESY, NOEDS, transformation products, 
and further confirmed by X-ray analysis [174]. Subsequently, a number of com-
pounds chemically related to 336 were found in cultures of this fungus. They are 
nodulisporic acid A1 (337), A2 (338) [175], B (339), B1 (340), B2 (341), [176]), C 
(342), C1 (343), and C2 (344) [177]. Compounds 339–341 belong to the 1’-deoxy-
nodulisporic acids series [176], and 342–344 possess an opened D-ring [177].
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Nodulisporic acid (336) and its congeners belong to the new class of indole 
diterpenes, which can be characterized by several chemical features: 336 lacks 
the tertiary hydroxyl group at C-9 that is implicated in the tremorgenic prop-
erties of the related alkaloids, and contains a unique cyclopenthyl ring and a 
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SCHEME 9 Proposed biosynthetic origin for the naphtoquinones 334 and 335. Adapted 
from [173].



324 Studies in Natural Products Chemistry

highly constrained β-keto-dihydropyrrole ring moieties [178]. Larvicidal activ-
ity assay against fourth instar were performed testing the compounds 336–338, 
and 342, which exhibited, respectively, the following LD90 0.5, 0.2, 0.8 and 
10ppm. 337 showed the highest activity against Ae. aegypti larvae, while 342 
was significantly less active in this class of compounds [177]. A possible mode 
of action would be similar to the mechanism that 336 exerts its biological activ-
ity against Drosophila melanogaster by selectively opening of a glutamate-
gated chloride channel, thus paralyzing it without affecting the mammalian host 
[179]. Moreover, a possible relationship between structure of 336 and its high 
larvicidal activity could be attributed to a substitution of the hydroxyl group 
at C-7 by a five-membered tetrahydrofuran ring, the non-polar the hemiketal 
moiety, while the hydration of the side chain double bound led to reduction of 
the activity at 338.

Biosynthetic precursors involved in the biosynthesis of 336 were established 
by labelling 336 with 13C-acetate and 13C-mevalonate [178]. It demonstrated the 
classical acetate/mevalonate pathway: the intermediate B73 arises from conden-
sation of four isoprene units (B17) to produce the diterpene moiety (B23) fol-
lowed by condensation with an indole nucleus that arises from anthranilic acid 
(B70) having incorporated ribose (B71) to produce indole-3-glycerol phosphate 
(B72) (Scheme 10). Subsequent three additional isoprenylations were incorpo-
rated to give 336 on the carbons C-10, C-17, and C-25 [178].
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Chemical studies on the constituents of Penicillium sp., when cultivated over 
sterilized rice, led to the isolation and structural elucidation of a series of mero-
terpenoids: preaustinoid A (345), preaustinoid B (346), preaustinoid A2 (347), 
dehydroaustin (348), acetoxydehydroaustin (349), and neoaustin (350) [180–
182]. Based on the chemical-structure comparison, these compounds could be 
precursors of the meroterpenoid austin (351), the general biosynthesis route 
including a forel Baeyer–Villiger-like oxidation and other structural rearrange-
ments [183]. Third instar larvae of Ae. aegypti were exposed to these meroter-
penoids at a concentration of 500ppm each. Compounds 348 and 349 exhibited 
in vitro larvicidal activities of 100 and 70%, respectively, after 24h of exposure. 
Compound 351 displayed a very low larval mortality, and the other congeners 
being inactive. Statistical analysis was used to determine the lethal concentra-
tions (LC50 values) of the bioactive compounds: dehydroaustin (348) and ace-
toxydehydroaustin (349) exhibited LC50 values of 2.9 and 7.3ppm, respectively. 
Notably, compound 348 caused larval mortality almost instantaneously, i.e., 
within less than 10min [184]. The larvicidal activity displayed by the meroter-
penoids 348 and 349 is probably related to the δ-spirolactone system. Moreover, 
the additional acetoxy group in 349 seems to significantly reduce the larvicidal 
activity. Further, the very low activity of 351 compared to 348 and 349 suggests 
that the additional bridging furan ring in the latter two compounds also signifi-
cantly influences activity. This could indicate a hydrophobic binding/reactivity 
site in this part of the molecule. Finally, compounds 345–347 with ‘intact’ (non-
spiro) A-rings or an A-ring ε-lactone (as in 347) did not show any larvicidal 
effect, further supporting the significance of a spiro structure [184].
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Monitoring the fractionation guided by in vitro assay against fourth larval 
instars from the methylethylketone extract of Aspergillus melleus afforded iso-
lation of mellamide (352), a indole amide, in addition to the known compounds 
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ochratoxin A (334), viomellin (335), and xanthomegnin (331) [170]. The 
dimethyl allyl substitute indole and the N-methyl, N-acetyl valine unit in 352 
were assigned by spectroscopic methods. It exhibited a moderate activity of 
LD90 at 50ppm [170].

Treatment of larvae with methanolic extract from Tolypocladium tundrense 
and T. terricola induced a high level of mortality accompanied by vacuolization 
and subsequent destruction of mitochondria of the midgut cells. Cyclosporin 
A (353), a cyclic peptide, was identified as a predominant metabolite form-
ing the spore surface layer [185]. In addition, the polypeptide tolypin, obtained 
from Tolypocladium cylindrosporium, Tolypocladium inflatum, and Tolypocla-
dium niveum [186,187], caused a 100% of mortality against fourth instar of Ae. 
aegypti at a concentration of 1ppm within 24h. This metabolite is characterized 
as a mixture of homologous α-amino isobutyric acid peptides [185].

The known metabolite derived directly from glucose, kojic acid (354) 
[188] isolated from culture of Aspergillus funiculosus showed a larvicidal 
action exhibiting LC50 values for third and fourth instar larvae of 204.51 and 
271.64ppm, respectively [189].
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Although out of the manuscript’s scope, it is necessary to emphasize the need 
to carry on searching for new insecticidal metabolites from bioactive fungal 
extracts. For example, screening for biological active compounds from natural 
sources produced 125 extracts obtained from 57 different species belonging to 21 
families of European fungi, from which only four dichloromethane extracts from 
Albatrellus confluens, Hygrophorus poetarum, Agaricus xanthoderma, and Xero-
comus badius, showed activity against second instar larvae of Ae. aegypti [190]. 
However, no one subsequent study was found in the literature reporting isolated 
larvicidal compounds from those fungi. Moreover, investigation of larvicidal 
activity in the extract from Penicillium citrinum led to isolation of a compound 
having a molecular mass of 626Da that showed an LC50 of 15.8ppm against sec-
ond instar larvae [191], but its structure has not been elucidated until now.
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Matsumura and Knight reported the toxicity of aflatoxins mixture 
against Ae. aegytpi, against both larval and adult stage: they observed slight 
reduction in egg production and viability for the former while the mos-
quito exhibited reduced fecundity and fertility [192]. However, this class 
of compounds is carcinogenic and then would have limited practical use as 
insecticides.

NATURAL INSECTICIDES DERIVED FROM BACTERIA

Polyketides

Some nitroaryl-substitute polyketides were found in cultures of several strains 
of Streptomyces spp. Aureothin (355) was first produced by Streptomyces 
thioluteus and had its structure completely elucidated on the basis of reac-
tions and derivatives preparations [193,194]. Other species from this genus are 
also producers of 355, including Streptomyces spectabilis and Streptomyces 
griseus var. autotrophicus [195]. Further isolation studies led to the discov-
ery of spectinabilin (356), also named neoaureothin from cultures of S. spec-
tabilis and S. griseus var. autotrophicus [195,196], and griseulin (357) from 
S. spectabilis, S. griseus var. autotrophicus, Streptomyces luteoreticuli, and 
Streptoverticillium mobaraense [195,197]. The structure of 357 was revised 
by Ishibashi et al. through spectroscopic analysis, and its data were identical 
to luteoreticulin [198].

Beyond their biological activities such as nematocidal, antitumoral, and 
antimicrobial [195,199], these compounds also had larvicidal action against 
fourth instar of Aedes mosquito larvae causing 100% mortality at a concentra-
tion of 6.25ppm each [195].

355
356

357

O2N
O

O OMe

O

O2N
O

O OMe

O

O2N

O

OMe

O
OR

OH

OH

OH

358 R = H
359 R = Me

OH OH OH OH OH

O



328 Studies in Natural Products Chemistry

Biosynthetic studies confirmed a mixed polyketide biosynthetic pathway 
for 355 which has the p-nitrobenzoate (PNBA, 78) as PK starter unit and five 
methylmalonyl-CoA extenders (B74) [199,200]. B78 is derived from N-oxida-
tion mediated by N-oxygenases-like of p-aminobenzoate (PABA, B77), which 
in turn is synthesized from chorismate (B75) via 4-amino-4-deoxychorismate 
(B76) [199] as shown in Scheme 11. After the polyketide backbone is formed 
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SCHEME 11 Proposed pathway for the biosynthesis of aureothin (355). Adapted from [199] 
and [200].
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(including the pyrone-ring formation, B81) two subsequent events should be 
followed in order to give 355: the pyrone methylation to produce the inter-
mediate deoxy-aureothin (B82), followed by oxidation of two carbons – C-9a 
(B83) and C-7 (B84) – to form the homochiral five-membered heterocycle by 
a multifunctional cytochrome P450 monooxigenase (AurH) [200]. In addition, 
biosynthetic pathway for spectinabilin (356) is closely related to 355, differing 
only in the number of diene moieties [201,202].

Faeriefungin is an inseparable mixture 1:1 of two compounds faeriefungin A 
(358) and faeriefungin B (359) [203]. These polyol polyene macrolide lactones 
were produced by S. griseus var. autotrophicus, and showed very potent antimi-
crobial activities (including fungi, gram-positive and gram-negative bacteria), 
as well as, a mosquitocidal activity against first instar of Ae. aegypti having 
LC50 of 100ppm. Structures of 358 and 359 were elucidated by spectroscopy 
techniques, including TOCSY experiments; the apparent polyketide biosyn-
thetic route was proposed based on labelled acetate and propionate precursors 
added to the fungal culture [203].

Avermectin is a complex obtained from cultures of Streptomyces avermitilis 
MA-4680 during screening for anthelmintic activity was highly active against 
a variety of nematodes [204]. Their eight components, designated as avermec-
tin A1a (360), A1b (361), A2a (362), A2b (363), B1a (364), B1b (365), B2a 
(366), and B2b (367), were isolated from intensively chromatographic proce-
dures [205], being 360, 362, 364, and 366 the major components. Their struc-
tures were established by mass spectrometry and 13C NMR spectroscopy data as 
oleandrose disaccharide derivatives of pentacyclic 16-membered lactones [206] 
and confirmation of their structures as well as the relative and absolute ste-
reochemistries establishment were obtained from X-ray crystallography [207]. 
Moreover, these compounds were named in according to the following denota-
tion: A-series have a methoxyl group at the carbon C-5, whereas the B-series 
have a hydroxyl group; the 1-components have a double bond between carbons 
22 and 23, whereas the 2-components have a single bond and a hydroxyl group 
at C-23; the a-components have a secondary butyl side chain at the carbon C-25, 
whereas the b-components have an isopropyl group [208,209]. Besides, if the 
literature not stated a- and b-series for the avermectins, it means that they occur 
as a mixture in a ratio approximately of 80:20 of a- and b-series, respectively 
[208,209].

Due to B1 homologues possess the highest activity against a broad array of 
nematodes, medicinal chemistries synthesized ivermectin – 22,23-dihydroaver-
mectin B1 (368) by selective hydrogenation of the 22–23 double bond of aver-
mectin B1a (364) [209].
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Two preparation commercially available containing avermectins were assayed 
against Aedes mosquito larvae (at the late third and early fourth instars) and 
both were effective at very low dosages [210]. Ivomec (MK-933, constituted of 
368) killed 50% of larvae at 23.41ppb (LC90 of 105.37ppb), while Abamectin 
(MK-936), consisting of a mixture 80:20 of avermectins B1a (B19) and B1b 
(B20), exhibited higher activity with LC50 and LC90 of 10.40 and 47.86ppb, 
respectively [210].

Biosynthetic pathways of avermectins have been extensively investigated 
by several researchers’ groups. Two excellent reviews, written by Ikeda and 
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Omura and by Yoon et al., show the main steps of the proposed biosynthetic 
route, which was deduced by labelling studies, identification and conversion 
of intermediates, and in vitro studies of enzymes [211,212]. Briefly, the aver-
mectin biosynthesis can be classified into four stages: (1) biosynthesis of starter 
units (B85 and B86); (2) formation of the polyketide backbone (6,8a-seco-6,8a-
deoxy-5-oxoavermectin aglycons, B87) by polyketide synthases (PKSs); (3) 
pos-polyketide modification to obtain avermectin aglycons, and (4) glycosyl-
ation of avermectin aglycones using deoxythymidine diphosphate (dTDP)-l-
oleandrose (B88) to give avermectins [211,212].

The starter units are derived from 2-methylbutyrate or isobutyrate, that arise 
from catabolism of L-isoleucine (B89) or L-valine (B64) aminoacids, to yield, 
respectively, the “a” and “b” series of avermectins as shown in Scheme 12 
[212]. Biosynthesis of avermectin aglycons occurred by the addition of seven 
acetate units (A) from malonyl-CoA (B2) and five propionate units (P) from 
methylmalonyl-CoA (B90) to the one of starters acyl group in the following 
order: P–A–A–A–A–P–P–A–P–A–P–A to give the intermediate 6,8a-seco-
6,8a-deoxy-5-oxoavermectin aglycons (B87). The first post-polyketide modifi-
cation is suggested to be dehydration at C-22–C-23 (B94), differing ever since 
the avermectins 1 and 2 series, followed by the furan ring formation at carbons 
C-6–C-8 (B95), and then reduction of the keto group at carbon C-5 to give 
avermectin B aglycons (B96). Subsequent methylation by O-methyltransferases 
produces avermectin A series (B97), as seen in Scheme 13 [211–213]. O-meth-
ylation of L-oleandrose units (B88) by SAM should occur before incorporation 
of the sugar moiety into the aglycon.

Screening for new antiinsectan compounds of fermentation broth from the 
soil actinomycete Saccharopolyspora spinosa led to the isolation of a series of 
macrolides, designed as A83543 complex, but now named spinosyns A (369), 
B (370), C (371), and D (372) [214,215]. Their structures were elucidated by 
several techniques including mass spectrometry, 1-D and 2-D NMR data, and 
X-ray as a tetracyclic lactones consisting of a 12-membered macrocyclic lac-
tone fused to a 5,6,5-cis-anti-trans tricyclic ring system to which are attached 
an aminosugar (D-forosamine) on the C-17 hydroxyl group and a neutral sugar 
(L-2’, 3’,4’-tri-O-methylrhamnose) on the C-9 hydroxyl group [214]. Spino-
syn A (369) exhibited a highly potent activity against diverse larvae mosqui-
toes [215]. Since then, a number of additional macrolides analogues have been 
further isolated from cultures of this bacterium (from wild-types and mutants) 
[214,215], as well as the butenyl-spinosyns from Saccharopolyspora pogona 
[216,217]. The differences between these metabolites are in methyl substitution 
patterns on the forosamine nitrogen, at C6, C16, and C21 positions of the tet-
racyclic ring, and on 2,3’,4’-tri-O-methylrhamnose [214,215,218,219]. In addi-
tion, the most abundant component in the fermentation is spinosyn 369 and the 
second is spinosyn 372, which is 6-methyl-spinosyn A [218,219].

Despite a number of spinosyns analogues have exhibited some larvicidal 
activity, the most active compound is 369, and followed by 372 [214,218] 



332 Studies in Natural Products Chemistry

COOH

NH2

avermectins "a" series avermectins "b" series

COOH

NH2

B89 B64

S-CoA

O

S-CoA

O

B85 B86

HO S-CoA

O O

R
S-ACP

O

B90

S-ACP

OOH

R

4 x

B2

HO S-CoA

O O

S-ACP

OOHOHOOH

R

B91

B90

HO S-CoA

O O

2 x

OHOHOOH

R

OH

S-ACP

O

B92

A-P-A-P-A

OHOHOOH

R

OH O O

S-ACP

O

25

23

21 17
13

7 5 1

B93

25

23
22

19

1713
12

88a

6 5

2

1

B87

O
O

H

H
R1
H

OO
HOH

HO

O

SCHEME 12 Proposed pathway for the biosynthesis of avermectins: part 1: formation of the inter-
mediate B87. Adapted from [211] and [212].



333Chapter | 10 Bioactive Natural Products as Potential Candidates

A natural mixture of both (~85:15%), obtaining for optimization of fermenta-
tion procedures, constitute the active principle of several commercial prod-
ucts by the name of spinosad (Tracer®, Success®, SpinTor®), the first product 
line produced by Dow Agrosciences that have been used for insect control due 
to its potency and broad-spectrum activity, including Lepidoptera, Diptera, 
and some Coleoptera [219–221]. Spinosad acts by causing rapid excitation 

avermectins "1" series avermectins "2" series

25

23
22

19

1713
12

88a
6 5

2

1

B87

O
O

H

H
R1
H

OO
HOH

HO

O

O
O

H

H
R1
H

OO
HOH

HO

O

B94

2

5
6

8a
8

OH

O

O

B95

OH

OH

O

B96

5

5

B97

OH

OMe

O

avermectins "B" series

avermectins "A" series

SAM

O

OCH3
O O

OCH3

HO

d-TDP
H

H

B88

O

OH
HO

OPO3
2-

OH

HO

B98

O
O

Y
XH

H
R1
H

OO

O

H

H

OH

OO
H

OO
H OMe

OMe
HO

OH
X-Y: 1 and 2 components

X-Y: 1 and 2 components

O
O

Y
XH

H
R1
H

OO

O

H

H

OH

OO
H

OO
H OMe

OMe
HO

OMe

avermectins "A" series

B88 O

OCH3
O O

OCH3

HO

d-TDP
H

H

O

OCH3
O O

OCH3

HO

d-TDP
H

H

B88

SCHEME 13 Proposed pathway for the biosynthesis of avermectins: part 2: formation of the aver-
mectins backbone. Adapted from [211–213].



334 Studies in Natural Products Chemistry

of the insect nervous system, probably through the interaction and binding at 
the nicotinacetylcholine (NAch) and δ-amino butyric acid receptors, leading 
to involuntary muscle contractions, prostration with tremors, and paralysis 
[219,220].

A suspension of spinosad (Tracer®) was evaluated against third and fourth 
instar of Ae. aegypti larvae exhibiting a 24h lethal concentration (LC50) at 
0.025ppm, a highly toxic formulation that could be used for treatment of mos-
quito breeding sites [222,223]. Moreover, field trials demonstrated that spi-
nosad at a concentration of 10ppm inhibited the reproduction of mosquito for 
the entire 22-week period, while temephos provided complete inhibition for a 
period of eight weeks [222]. Applications of 1 and 5ppm spinosad or temephos 
in the water-filled containers used for flowers in a cemetery in Mexico resulted 
in complete control of mosquito development for 6, 8 and 10 weeks, respec-
tively, being spinosad as effective as temephos granules in eliminating larval 
stages of Aedes [223]. By using wild-caught population of this mosquito in the 
assay, the value of LC50 was 0.060ppm, which is higher than the previous value 
that used the laboratory-reared Rockefeller strain [224].
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Biosynthetic pathway of spinosyns was based on the feeding studies, 
labelled compounds incorporation and determination of the spinosyn biosyn-
thetic gen cluster revealing their polyketide origin, as shown in Scheme 14 
[218,225,226]. Type 1 PKSs enzymes and a probable thioesterase cleavage of 
the polyketide chain are responsible by formation of the 22-membered monocy-
clic macrolide (B102) from nine acetate (A) (B2) and two propionate (P) (B91) 
units, in the following order: P–A–A–P–A–A–A–A–A–A–A. Subsequent intra-
cellular cyclizations by three intramolecular carbon–carbon bonds gave agly-
cone (B103). Afterwards, the dTDP-rhamnose (B106) moiety is added to this 
aglycone (B103), forming a pseudoaglycone (B108) after by subsequent rham-
nose methylation, and finally, glycosylation of pseudoaglycone by forosamine 
(B109) moiety produced spinosyn A (369). Both rhamnose and forosamine are 
synthesized from NDP-4-keto-6-deoxy-D-glucose (B98) and the methyl groups 
are derived from SAM [218,225,227,228].
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Spinosyn D (372) is likely formed by incorporation of propionate instead of 
acetate at the module 8 during the polyketide assembly to give the polyketide 
backbone ([221].

Peptides

Previous study based on the search for novel mosquito larvae active compounds, 
revealed the extracts from the cyanobacterium Microcystis aeruginosa as the 
most effective against third or fourth instar larvae of Aedes [229]. Subsequent 
fractionation led to the isolation of [Dha7] mycrocystin-RR (373), whose struc-
ture was assigned by aminoacid analysis, mass spectrometry and NMR spec-
troscopy [229]. Lethal concentration that killed 50% larvae was determined and 
the values after 24 and 48h of exposure were 22 and 15ppm, respectively [229]. 
This metabolite belongs to the cyclic peptide hepatotoxins class termed micro-
cystins that have the general structure cyclo-(-D-Ala-L-X-erythro-β-methyl-D-
isoAsp-L-Y-Adda-D-isoGlu10-N-methyldehydroAla), where Adda refers to the 
β-aminoacid residue of 3-amino-9-methoxy-2,6,8-trimethyl-10-phenyldeca-
4,6-dienoic acid and X and Y represent variable L-aminoacids; the term Dha 
refers to dehydroalanine [230].
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Two pyrrolizine derivatives 5,6,7,7a-tetrahydro-3H-pyrrolizin-3-one (374) and 
5,6,7,7a-tetrahydro-3H-pyrrolizin-7a-ol-3-one (375) were isolated from shaken 
cultures of Streptomyces globisporus 0234 and S. griseus LKS-1 and the larvicidal 
activity of these compounds was evaluated in a mixture (1:2 ratio) against fourth 
instar larvae (in solutions there are interconvertions) with an LC50 of 112ppm [231].
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Others

A mixture of unsaturated fatty acids, including oleic (376), linoleic (377), and 
γ-linolenic (378) acids, and saturated acids such as myristic (379), palmitic 
(380), and stearic (381) acids constitute the toxic fraction against second instar 
larvae of Ae. albopictus, a mosquito taxonomically close to Ae. aegypti [232]. 
These compounds were yielded by cyanobacterium Oscillatoria agardhii and 
they were identified by comparison to standards through GC–CI–MS analysis 
and those unsaturated might be the responsible for the larvicidal activity [232].
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The cyanobacterium O. agardhii was highly toxic to second and fourth 
instar of Aedes with values of LC50 of 4.0 and 8.7ppm, respectively, but the 
toxin was partially purified and its structure has not been elucidated until now 
[233]. Methanolic extract of the bio-fertilizer cyanobacterium Westiellopsis sp. 
was evaluated as regards larvicidal activity against fourth instar larvae, from 
which an LC50 of 55.84 and 3.95mg/L were detected after 24 and 48h expo-
sure, respectively [234]. Finally, Pseudomonas fluorescens, a typical Gram-
negative Eubacteria member, was isolated from dead second larvae Ae. aegypti 
and then cultivated on laboratory to give a bioactive fraction that killed these 
larval after 20min of exposure. Further studies are required to identify this 
exotoxin [235].

NATURAL INSECTICIDES DERIVED FROM OTHER ORGANISMS

Lichens are symbiotic associations between fungi and algal or cyanobacterial. 
Search for biologically active compounds of tropical lichens led to the isola-
tion of cabraleadiol monoacetate (382), 4-O-methylcryptochlorophaeric acid 
(383), lichexanthone (384) from hexane extract of Pyxine consocians, and 
3,6-dimethyl-2-hydroxy-4-methoxybenzoic acid (385) from Heterodermia 
leucomelos [236]. Compounds 381, 384 and 385 led approximately 90% of 
moribund effect against second instar larvae after 24h of exposition, while 383 
killed 60% of them [236]. Usnic acid (386) is a unique lichen metabolite found 
in several genera such as Alectoria, Cladonia, Usnea, Lecanora, Ramalina, 
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and Evernia [237]. Besides of inumerous biological activities attributed to 386, 
this compound also had larvicidal activity against Ae. aegypti with LC50 and 
LC90 of 6.61 and 8.36ppm, respectively. However, due to its toxic effect against 
Artemia salina, 386 is not safe to use as larvicide, unless synthetic derivatives 
without toxicity can be designed [237].

Preliminary analysis of the larvicidal activity against second larval stage 
from extracts of macrolichen Parmotrema pseudotinctorum revealed 100% of 
mortality at a concentration of 20ppm and 50% of mortality at 5ppm in some 
extracts [238]. Comparative thin layer chromatography indicated the presence 
of atranorin (387) and olecanoric acid (388) in these extracts, but the attribution 
of the insecticidal activity to these compounds should be made only after their 
isolation and larvicidal bioassay [238], since 387 isolated previously had no 
effect against Aedes larvae [236].

Sponges can also be a source to obtain leads of insecticidal molecules 
against Aedes mosquitoes. The sponge extracts of Psammaplysilla purpurea 
and Haliclona cribricutis showed LC50 values at 25.9 and 31.46ppm, respec-
tively, against fourth instar larvae [239].
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BIOCONTROL AGENTS

Biological control of Ae. aegypti can also be made by entomopathogens micro-
organisms (bacteria and fungi), as well as predators and parasites. Thus, vari-
ous biological control agents have been investigated with the support of United 
Nations Development Programme, World Health Organization Special Program 
for Research and Training in Tropical Diseases (WHO/TDR) [240].
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Microorganisms

Bacteria used for mosquito control are spore-forming bacteria (Bacillus) such 
as Bacillus sphaericus and B. thuringiensis var israelensis (Bti) H-14 [8]. Both 
bacilli produce crystalline proteinaceous toxins during sporulation which is 
activated after ingested by mosquito larvae leading to changes in their gut [8]. 
Bacillus sphaericus (strain 2362) is the active ingredient in Vectolex® being 
the most widely used commercial mosquitocidal to all known Culex species, 
and to many important anopheline species such as Anopheles gambiae (the key 
malaria vector in Africa). It also had effect to many Aedes species, excepting 
Ae. aegypti that showed resistance [2,241,242].

Nowadays, temephos (1) and Bti are the most used larvicides in control pro-
grams against dengue’s vector [8]. This bacteria was discovered by Ishiwata in 
1901 during his study of a bacterial disease of silkworms and its insecticidal 
activity was described in the literature by Berliner in 1951 [243]. In addition, 
continuing studies to find new strains with novel insecticidal spectra led to the 
discovery of two new important subspecies of B. thuringiensis: B. thuringiensis 
var. israelensis (H-14, also known as Bti) and B. thuringiensis var. morrisoni. The 
former has excellent larvicidal activity against several mosquitoes [243], and has 
being used against Ae. aegypti since 1980 [8]. Several commercial formulations 
are now available in the market for use against mosquito vectors. Laboratory eval-
uation of Teknar HP-D [244], Vectobac® and Bacticide® [241] against Ae. aegypti 
showed great susceptibility of the mosquito to this three formulations. Cessa-
tion of feeding activity, accompanied by paralysis, was observed in Ae. aegypti 
larvae 30–45min after exposure to Bti-Teknar HP-D [244]. Moreover, a 100% 
reduction in the density of third and fourth instars of Ae. aegypti was observed 
when exposed them to Vectobac® and Bacticide® [241]. These bacterial agents 
are highly effective against mosquito larvae at very low doses and completely safe 
to other non-target organisms, environment, man and wild life, and are suitable 
for community use [240]. The high toxicity of the whole spore crystal complex is 
due to a synergistic interaction between the 25kDa protein and one or more other 
proteins which are produced during sporulation and transformed into toxins under 
specific conditions after ingestion by larvae [240,245]. However, a limiting factor 
of Bti lays on its short time of action, often no more than a few days [8].

Fungal entomopathogens (those that can infect insects) represent one of 
the most important way of controlling insect populations in nature, as well as 
practical and commercially useful means for biological control of insect pests 
(including insects vector of viral or bacterial pathogens) [246–249]. After tarsal 
contact, spores of these fungi adhere to and penetrate the cuticle, grow internally, 
producing a series of toxins that kill the mosquito [250]. Moreover, these tox-
ins inside the host can inhibit the insect’s immune system, modify the insect’s 
behaviour, or act as post-mortem antibiotics against competing microorganisms 
[251]. Thus, these fungi are considered promising sources of novel biologically 
active compounds, including insecticidal, antitumoral, and antibiotics [249,251].
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The largest numbers of fungal species that are pathogenic to insects belong 
to the order Hypocreales (Dikarya, Ascomycota, Pezizomycotina, Sordariomy-
cetes, Hypocreomycetidae) [249]. About 13 entomopathogenic fungal species 
or subspecies have been developed as commercial biopesticides, although the 
currently available products are based on Beauveria, Metarhizium, Lecanicil-
lium and more rarely, Isaria strains [249]. However, not any available mycoin-
secticide showed effect against Ae. aegypti. There are some studies reported in 
the literature pointed to the four main genera of fungi having different actions 
against the mosquito: Metarhizium, Isaria, Paecilomyces, and Lecanicillium. 
They exhibited adulticidal, larvicidal, and ovicidal activity [252–254]. Besides, 
conidia of the fungus B. bassiana produced 100% mortality in adults of Ae. 
aegypti within 5 days after exposure, but had had no effect to the larvae [255]. 
However, larvae treated with blastospores of B. bassiana showed 85% mortality 
after 96h post-exposure [256].

Other Organisms

Larvae of Ae. aegypti have been successfully controlled with predatory cope-
pods (a group of small crustaceans), which are feasible to achieve massive 
reductions in disease transmission through biological control of vector mosqui-
toes, killing mainly first instar of Ae. aegypti [257].

The control of the vector in water jars can be carried out using fish preda-
tors. Poecilia reticulata, Tilapia mossambica, and Sarotherodon niloticus and 
Carassius auratus auratus had a significant reduction in the number of larvae, 
while the larvivorous fish Trichogaster trichopterus led to complete reduction 
for a period of 9 months [8,258].

An aquatic hemipteran bug Diplonychus indicus [259] and flatworms (Tur-
bellaria) [260] also showed to be efficient predators of larvae in many labora-
tory studies.

BIOASSAY AGAINST AEDES AEGYPTI LARVAE

Exploring the natural resources to find new leads which have insecticidal activity 
against the vector Ae. aegypti is an urgent task once dengue incidence keeps on 
increasing. Screening programmes using any insecticidal assay protocols would 
contribute to the discovery of different and useful new bioactive compounds. 
It can also be included in the known natural products since many of them have 
not been subjected to testing for control of the Aedes mosquito. Moreover, Ae. 
aegypti is commonly used in insecticide screening programmes because it is 
usually less susceptible and it is easy to colonize in the laboratory [261]

Tables 1–5 report those natural products produced by plants (Tables 1 and 2), 
fungi (Table 3), bacteria (Table 4) and lichen (Table 5) which have been evalu-
ated for their insecticidal action. These tables show that different methodolo-
gies, including ovicidal, larvicidal and repellent activities, were used to verify 
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TABLE 2 Toxicity of Plant Compounds Against Aedes aegypti

Comp. Values of Effect against Ae. aegypti Ref.

LC50 ppm, 24h 
(48h)

LC90 ppm, 24h 
(48h)

LC100 (LD99) ppm, 
24h (48h)

11 100a, 8.8b 35.39b – a,bLarvicidal (early fourth instar); crepellent a[39], b[40], c[41]

12 100a, 18.20b 96.33b – Larvicidal (early fourth instar) a[39], b[40]

13 – – 0.2 Larvicidal (second instar) [42]

14 – – 0.3 Larvicidal (second instar) [42]

15 – – 2.0 Larvicidal (second instar) [42]

16 – – 1.0 Larvicidal (second instar) [42]

17 – – 2.0 Larvicidal (second instar) [42]

18 – – 1.0 Larvicidal (second instar) [42]

19 141 – – Larvicidal (third or early fourth instar) [43]

20 30.4 – – Larvicidal (third or early fourth instar) [43]

21 75.7 – – Larvicidal (third or early fourth instar) [43]

22 8.29 – – Larvicidal (third or early fourth instar) [43]

23 3.04 – – Larvicidal (third or early fourth instar) [43]

24 9.5 22.3 – Larvicidal (third instar) [46]

Continued
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TABLE 2 Toxicity of Plant Compounds Against Aedes aegypti—Cont’d

25 – – 0.5 Larvicidal (first, second instar) [49]

26 0.019b 0.039b 0.5a aLarvicidal (first, second, and fourth instar); 
blarvicidal (fourth instar)

a[49], b [50]

27 – – 0.5 Larvicidal (first instar) [49]

28 – – 0.5 Larvicidal (first instar) [49]

29 – – 0.5 Larvicidal (first instar) [49]

30 0.079b 0.16b 0.5a aLarvicidal (first, second, and fourth instar); 
blarvicidal (fourth instar)

a[49], b [50]

31 – – 67–99% mortality  
at 0.5ppm

Larvicidal (first instar) [49]

32–34 
(mixture)

3.9 4.56 – Larvicidal (third instar); toxicity to adult aedes 
(male and female)

[52]

35 – – – Larvicidal (third instar) [56]

36 – – – Larvicidal (third instar) [57]

37 – – – Larvicidal (third instar) [57]

38 75–100 – – Larvicidal (third instar) [58]

Comp. Values of Effect against Ae. aegypti Ref.

LC50 ppm, 
24h (48h)

LC90 ppm, 24h 
(48h)

LC100 (LD99) ppm, 
24h (48h)
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Continued

39 19.4 – – Larvicidal (third instar) [59]

40 NA – – Larvicidal (third instar) [59]

41 NA – – Larvicidal (third instar) [59]

42 5.43 6.56 – Larvicidal (fourth instar) [60]

43 31.47 55.72 – Larvicidal (fourth instar) [60]

44 13.64 19.28 – Larvicidal (fourth instar) [60]

45 1.26 4.10 – Larvicidal (fourth instar) [60]

46 NA NA – Larvicidal (fourth instar) [60]

47 NA NA – Larvicidal (fourth instar) [60]

48 40.66 53.87 – Larvicidal (fourth instar) [60]

49 31.21 42.72 – Larvicidal (fourth instar) [60]

50 3.3 8.8 – Larvicidal (fourth instar) [62]

51 26.3 - – Larvicidal (third instar) [64]

52 9.64 16.154 – Larvicidal (fourth instar) [64]

53 3.78 7.06 – Larvicidal (fourth instar) [64]

54 4.745 9.062 – Larvicidal (fourth instar) [64]

55 3.587 6.64 – Larvicidal (fourth instar) [64]

56 4.553 7.993 – Larvicidal (fourth instar) [64]
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TABLE 2 Toxicity of Plant Compounds Against Aedes aegypti—Cont’d

57 7.919 10.833 – Larvicidal (fourth instar) [64]

58 1.391 2.50 – Larvicidal (fourth instar) [64]

59 1.170 4.550 – Larvicidal (fourth instar) [64]

60 9.703 16.999 – Larvicidal (fourth instar) [64]

61 0.873 1.41 – Larvicidal (fourth instar) [64]

62 7.28 10.445 – Larvicidal (fourth instar) [64]

63 5.75 12.453 – Larvicidal (fourth instar) [64]

64 14.952 23.065 – Larvicidal (fourth instar) [64]

65 – – – Larvicidal (second instar) [65]

66 – – 12.5 Larvicidal (second instar) [65]

67 – – 50 Larvicidal (second instar) [65]

68 – – 25 Larvicidal (second instar) [65]

69 – – Not tested Larvicidal (second instar) [65]

70 – – 12.5 Larvicidal (second instar) [66]

Comp. Values of Effect against Ae. aegypti Ref.

LC50 ppm, 
24h (48h)

LC90 ppm, 24h 
(48h)

LC100 (LD99) ppm, 
24h (48h)
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71 – – 25 Larvicidal (second instar) [66]

72 – – 12.5 Larvicidal (second instar) [66]

73 – – 6.25 Larvicidal (second instar) [67]

74 – – – Larvicidal (second instar) – 70% mortality at 
100ppm

[68]

75 90 – – Larvicidal (third instar) [71]

76 61 – – Larvicidal (third instar) [71]

77 17 – – Larvicidal (third instar) [71]

78 19 – – Larvicidal (third instar) [71]

79 16 – – Larvicidal (third instar) [71]

80 18 – – Larvicidal (third instar) [71]

81 1.9 – – Larvicidal (early fourth instar) [72]

82 19.6 – – Larvicidal (early fourth instar) [72]

83 16.3 25.0 – Larvicidal (early fourth instar) [62]

84 15.4 23.7 – Larvicidal (early fourth instar) [62]

85 1.8 2.9 – Larvicidal (third instar) [73]

86 7.4 16.5 – Larvicidal (third instar) [73]

87 NA NA – Larvicidal (third instar) [73]

Continued
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TABLE 2 Toxicity of Plant Compounds Against Aedes aegypti—Cont’d

88 NA NA – Larvicidal (third instar) [73]

89 NA NA – Larvicidal (third instar) [73]

90 2.1 – – Larvicidal (third instar) [74]

91 NA – – Larvicidal (third instar) [74]

92 10.49 – – Larvicidal (third instar) [75]

93 – – 17.6 Larvicidal [76]

94 – – 25 Larvicidal [76]

95 – NA Larvicidal [76]

96 2.37 – – Larvicidal (first instar) [77]

97 10.8a – 25b aLarvicidal (third instar); blarvicidal a[78], b[79]

98 11.5 – – Larvicidal (third instar) [78]

99 11.0 – – Larvicidal (third instar) [78]

100 + 101 – – 100 Larvicidal [79]

102 – – 12.5 Larvicidal (second instar) [80]

Comp. Values of Effect against Ae. aegypti Ref.

LC50 ppm, 
24h (48h)

LC90 ppm, 24h 
(48h)

LC100 (LD99) ppm, 
24h (48h)
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103 – – 25 Larvicidal (second instar) [80]

104 26.99 – – Larvicidal (third instar) [75]

105 57.65 – – Larvicidal (third instar) [75]

106 24.4 54.7 – Larvicidal (third instar) [81]

107 44.5a, 88b 100a – Larvicidal (third instar) a[81], b[82]

108 49 63.8 – Larvicidal (third instar) [81]

109 513 – – Larvicidal (third instar) [82]

110 136 – – Larvicidal (third instar) [82]

111 194 – – Larvicidal (third instar) [82]

112 243 – – Larvicidal (third instar) [82]

113 577 – – Larvicidal (third instar) [82]

114 177 – – Larvicidal (third instar) [82]

115 – – 200 Larvicidal (fourth instar) [90]

116 162.93a, 55.47b, 
369.78c

– – aOvicidal; blarvicidal (third instar); 
cagainst pupae

[91]

117 – – 25 Larvicidal [79]

118 – – NA Larvicidal [79]

119 0.082 0.152 – Larvicidal (fourth instar) [92]

Continued
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TABLE 2 Toxicity of Plant Compounds Against Aedes aegypti—Cont’d

120+121 45.77 – – Larvicidal (fourth instar) [93]

120+122 62.23 – – Larvicidal (fourth instar) [93]

123 – – 45 Larvicidal (fourth instar) [94]

124 2.23 – – Larvicidal (early fourth instar) [95]

125 34.04 – – Larvicidal (early fourth instar) [95]

126 77.99 – – Larvicidal (early fourth instar) [95]

127 89.60 – – Larvicidal (early fourth instar) [95]

128 >200 – – Larvicidal (early fourth instar) [96]

129 >200 – – Larvicidal (early fourth instar) [96]

130 8.23 13.23 – Larvicidal (early fourth instar) [96]

131 41.35 54.47 – Larvicidal (early fourth instar) [96]

132 >200 – – Larvicidal (early fourth instar) [96]

133 191.45 – – Larvicidal (early fourth instar) [96]

134 9.34 15.32 – Larvicidal (early fourth instar) [96]

Comp. Values of Effect against Ae. aegypti Ref.

LC50 ppm, 
24h (48h)

LC90 ppm, 24h 
(48h)

LC100 (LD99) ppm, 
24h (48h)
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135 54.13 74.28 – Larvicidal (early fourth instar) [96]

136 15.0 57.7 – Larvicidal (third instar) [46]

137 – – 50 Larvicidal (third instar) [98]

138 – – 100 Larvicidal (third instar) [98]

139 13.4 – – Larvicidal (third instar) [99]

140 – – 3 Larvicidal [100]

141 – – 50 Larvicidal [100]

142 – – 6 Larvicidal [100]

143 – – 6 Larvicidal [100]

144 – – >50 Larvicidal [100]

145 – – >50 Larvicidal [100]

146 – – >50 Larvicidal [100]

147 – – NT Larvicidal [100]

148 (16.15) – – Larvicidal (second instar) [101]

149 3.7 15.1 – Larvicidal (late third instar) [46]

150 0.122a 0.223a – Larvicidal (fourth instar)a; ovicidal activity [92]

151 0.103a 0.191a – Larvicidal (fourth instar)a; ovicidal activity and 
100% repellency

[92]

Continued
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TABLE 2 Toxicity of Plant Compounds Against Aedes aegypti—Cont’d

152 >20 – – Larvicidal (second instar) [102]

153 >20 – – Larvicidal (second instar) [102]

154 0.085a 0.171a – Larvicidal (fourth instar)a; 100% repellency 
against the mosquito and the strong oviposition 
deterrent effect with production of a 66.3% 
repellency at 2.0ppm

[92]

155 0.47 1.45 – Larvicidal (late third instar); [46]

156 (16.15) – – Larvicidal (second instar) [101]

157 3.1 36.6 – Larvicidal (third instar) [103]

158 (7.2) – – Larvicidal (third instar) [105]

159 10.8 – – Larvicidal (third instar) [105]

160 7.6 – – Larvicidal (third instar) [105]

161 10.7 – – Larvicidal (third instar) [105]

162 NA – – Larvicidal (third instar) [105]

163 4.0 – – Larvicidal (third instar) [105]

Comp. Values of Effect against Ae. aegypti Ref.

LC50 ppm, 
24h (48h)

LC90 ppm, 24h 
(48h)

LC100 (LD99) ppm, 
24h (48h)
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164 2.0 – – Larvicidal (third instar) [105]

165 2.5 – – Larvicidal (third instar) [105]

166 NA – – Larvicidal (third instar) [105]

167 0.47a – 10b Larvicidal (asecond, bfourth instar) a[110], b [109]

168 >20 – – Larvicidal (second instar) [110]

169 >20 – – Larvicidal (second instar) [110]

170 1.6a – 5b Larvicidal (asecond, bfourth instar) [110]

171 1.4a – 5b (95%) Larvicidal (asecond, bfourth instar) [110]

172 NA – – Larvicidal (second instar) [110]

173 NT – – Larvicidal (third instar) [112]

174 >50 – – Larvicidal (third instar) [112]

175 24.55 – – Larvicidal (third instar) [112]

176 – – – 23% mosquito-repelling after 1h (1.5g/m2) [114]

177 – – – 92 and 75% Mosquito-repelling after 1 and  
3h, respectively (1.5g/m2)

[114]

178 – – – 94 and 82% Mosquito-repelling at 0.01 and 
0.05mg/cm2; 76% repellency at 0.4mg/cm2 
within 30min.

[41]

179 107 – – Larvicidal (third instar) [78]

Continued
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TABLE 2 Toxicity of Plant Compounds Against Aedes aegypti—Cont’d

180 – – 100 Larvicidal (third instar) [115]

181 2.91 – – Larvicidal (fourth instar) [116]

214 17 – – Larvicidal (third instar) [81]

215 13 – – Larvicidal (third instar) [81]

216 – – 50 Larvicidal (fourth instar) [119]

217 – – 12.5 Larvicidal [120]

218 – – 50 Larvicidal [120]

219 – – 50 Larvicidal [120]

220 – – NA Larvicidal [120]

221 – – NA Larvicidal [120]

222 – – – Deterrent activity [121]

223 – – – Deterrent activity [121]

224 – – – Deterrent activity [121]

225 – – – Deterrent activity [121]

226 – – – 100% Repellency at 78.6µg/cm2 [122]

Comp. Values of Effect against Ae. aegypti Ref.

LC50 ppm, 
24h (48h)

LC90 ppm, 24h 
(48h)

LC100 (LD99) ppm, 
24h (48h)
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227 – – – 82.2% Repellency at 78.6µg/cm2 [122]

228 36.2 – – Larvicidal (first instar); [123]

229 10.0 – – Larvicidal (first instar); [123]

230 88.30 – – Larvicidal (third instar) [117]

231 – – (10) Larvicidal (fourth instar) [119]

232 0.8 8.2 – Larvicidal (third instar) [124]

233 87.3 128.8 – Larvicidal (third instar) [124]

234 NA NA – Larvicidal (third instar) [124]

235 NA NA – Larvicidal (third instar) [124]

236 50.08 87.31 – Larvicidal (fourth instar) [126]

237 14.69 27.50 – Larvicidal (fourth instar) [126]

238 21.76 25.13 – Larvicidal (fourth instar) [126]

239 186.21 – – Larvicidal (third instar) [127]

240 82 – – Larvicidal (first instar); [128]

241 4.4 – – Larvicidal (first instar); [130]

242 18.6 – – Larvicidal (third instar) [131]

243 25.1 – – Larvicidal (third instar) [131]

244 27.9 – – Larvicidal (third instar) [131]

Continued
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TABLE 2 Toxicity of Plant Compounds Against Aedes aegypti—Cont’d

245 104.7 – – Larvicidal (third instar) [131]

246 NA – – Larvicidal (third instar) [131]

247 – – – Larvicidal (63% mortality of third instar at 
1000ppm)

[132]

248 0.625a – – Larvicidal; mutagenic propertyb a[12],b[133]

249 0.74a – – Mutagenic propertyb a[12],b[133]

250 53.0 – – Larvicidal (fourth instar) [135]

251 2.14 – – Larvicidal (fourth instar) [135]

252 21.0 – – Larvicidal (fourth instar) [135]

253 83.0 – – Larvicidal (fourth instar) [135]

254 – – 100% at 50 and 10ppm Larvicidal (fourth instar) [136]

255 – – 100% at 50ppm Larvicidal (fourth instar) [136]

256 – – – Larvicidal (fourth instar, 50% mortality at 
50ppm);

[136]

257 – – – Larvicidal (fourth instar, 35% mortality at 
50ppm);

[136]

Comp. Values of Effect against Ae. aegypti Ref.

LC50 ppm, 
24h (48h)

LC90 ppm, 24h 
(48h)

LC100 (LD99) ppm, 
24h (48h)
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Continued

258 – – – Larvicidal (fourth instar, 30% mortality at 
50ppm);

[136]

259 – – – Larvicidal (fourth instar, 20% mortality at 
50ppm);

[136]

260 – – – Larvicidal (fourth instar, 40% mortality at 
50ppm);

[136]

261 – – NA Larvicidal (fourth instar) [136]

262 – – NA Larvicidal (fourth instar) [136]

263 – – NA Larvicidal (fourth instar) [136]

264 13 – – Larvicidal (second instar) [137]

265 71.6 – – Larvicidal (second instar) [137]

266 217.1 – – Larvicidal (second instar) [137]

267 14.51 – – Larvicidal (second instar) [138]

268 27.47 – – Larvicidal (second instar) [138]

269 4.052 – – Larvicidal (second instar) [138]

270 69 – – Larvicidal (third instar) [139]

271 4.8 – – Larvicidal (third instar) [139]

272 – – 20.9 (LC99) Larvicidal (fourth instar) [140]

273 – – 100 Larvicidal (fourth instar) [142]
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TABLE 2 Toxicity of Plant Compounds Against Aedes aegypti—Cont’d

274 – – 12.5 Larvicidal (fourth instar) [142]

275 – – 12.5 Larvicidal (fourth instar) [142]

276 3.6 – – Larvicidal (third instar) [143]

277 2.1 – – Second instar [144]

278 – – 1000 Ovicidal and larvicidal [145]

279 0.92 – Larvicidal (third instar) [146]

280 0.89 – – Larvicidal (third instar) [146]

281 0.1 – – Larvicidal (third instar) [146]

282 0.0391 – – Larvicidal (third instar) [146]

283 0.25 – – Larvicidal (fourth instar) [149]

284 – – 6 Larvicidal (fourth instar) [150]

285 – – 70 Larvicidal (fourth instar) [150]

286 – – 35 Larvicidal (fourth instar) [151]

287 – – 30 Larvicidal (fourth instar) [151]

Comp. Values of Effect against Ae. aegypti Ref.

LC50 ppm, 
24h (48h)

LC90 ppm, 24h 
(48h)

LC100 (LD99) ppm, 
24h (48h)
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288 – – 23 Larvicidal (fourth instar) [151]

289 – – 27 Larvicidal (fourth instar) [151]

290 – – 26 Larvicidal (fourth instar) [151]

291 – – 29 Larvicidal (fourth instar) [151]

292 – – 20 Larvicidal (fourth instar) [151]

293 – – 75 Larvicidal (fourth instar) [151]

294 – – 64 Larvicidal (fourth instar) [151]

295 – – 29 Larvicidal (fourth instar) [151]

296 – – 13 Larvicidal (fourth instar) [151]

297 – – 15 Larvicidal (fourth instar) [153]

298 5.1 – 10b Larvicidal (athird bfourth instar) a[146], [153]b

299 – – – Larvicidal (fourth instar) [153]

300 – – – Larvicidal (fourth instar) [153]

301 – – 45 Larvicidal (fourth instar) [154]

302 – – 40 Larvicidal (fourth instar) [154]

303 – – 25 Larvicidal (fourth instar) [154]

304 – – 27 Larvicidal (fourth instar) [154]

305 – – 17 Larvicidal (fourth instar) [154]

Continued
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TABLE 2 Toxicity of Plant Compounds Against Aedes aegypti—Cont’d

306 – – 20 Larvicidal (fourth instar) [154]

307 – – 25 Larvicidal (fourth instar) [154]

308 – – 30 Larvicidal (fourth instar) [155]

309 – – 23 Larvicidal (fourth instar) [155]

310 – – 64 Larvicidal (fourth instar) [155]

311 – – 25 Larvicidal (fourth instar) [155]

312 – – 25 Larvicidal (fourth instar) [155]

313 – – 25 Larvicidal (fourth instar) [155]

314 – – – 100% (1h), 70% (3h) Repellency mosquito [158]

315 – – – Repellency mosquito [159]

316 79 – – Larvicidal (early fourth instar) [160]

317 0.41 – – Larvicidal (second instar) [161]

318 0.47 – – Larvicidal (second instar) [161]

319 4.25 – – Larvicidal (early fourth instar) [162]

Comp. Values of Effect against Ae. aegypti Ref.

LC50 ppm, 
24h (48h)

LC90 ppm, 24h 
(48h)

LC100 (LD99) ppm, 
24h (48h)
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320 9.80 – – Larvicidal (early fourth instar) [162]

321 18.20 – – Larvicidal (early fourth instar) [162]

322 96.71 – – Larvicidal (third instar) [75]

323 5.81 9.99 – Larvicidal (third instar) [163]

324 13.63 23.75 – Larvicidal (third instar) [163]

325 – – 6.25 Larvicidal [67]

326 6 – – Larvicidal (third instar) [164]

327 66 – – Larvicidal (third instar) [164]

328 – – – Mosquito feeding deterrent [87]

329 4.76a – – Larvicidal (second instar); afraction containing 
329

[165]
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TABLE 3 Toxicity of Fungi Metabolites Against Aedes aegypti

Comp. Values of Effect against Ae. aegypti Ref.

LC50, ppm, 24h (48h) LC90, ppm, 24h (48h) LC100 (LD99), ppm, 24h (48h)

330 23 – – Larvicidal (second instar) [167]

331 – 10 – Larvicidal (fourth instar) [170]

332 8.7 – – Larvicidal (second instar) [167]

333 – 8 – Larvicidal (first instar) [171]

334 – 10 – Larvicidal (fourth instar) [170]

335 – 10 – Larvicidal (fourth instar) [170]

336 0.5 0.5 – Larvicidal (fourth instar) [174,177]

337 – 0.2 – Larvicidal (fourth instar) [174,177]

338 – 0.8 – Larvicidal (fourth instar) [177]

339 – NT – Larvicidal (fourth instar) [177]

340 – NT – Larvicidal (fourth instar) [177]

341 – NT – Larvicidal (fourth instar) [177]
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342 – 10 – Larvicidal (fourth instar) [177]

343 – NT – Larvicidal (fourth instar) [177]

344 – NT – Larvicidal (fourth instar) [177]

345 NA – – Larvicidal (third instar) [184]

346 NA – – Larvicidal (third instar) [184]

347 NA – – Larvicidal (third instar) [184]

348 2.9 – – Larvicidal (third instar) [184]

349 7.3 – – Larvicidal (third instar) [184]

350 NA – – Larvicidal (third instar) [184]

351 NA – – Larvicidal (third instar) [184]

352 – 50 – Larvicidal (fourth instar) [170]

353 97% Mortality Larvicidal (fourth instar) [185]

354 204.51a; 271.64b – – Larvicidal (third instara and 
fourth instarb)

[189]
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TABLE 4 Toxicity of Bacteria Metabolites Against Aedes aegypti

Comp. Values of Effect against Ae. aegypti Ref.

LC50, ppm, 24h (48h) LC90, ppm, 24h (48h) LC100 (LD99), ppm, 24h (48h)

355 – – 6.25 Larvicidal (fourth instar) [195]

356 – – 6.25 Larvicidal (fourth instar) [195]

357 – – 6.25 Larvicidal (fourth instar) [195]

358 + 359 100 – – Larvicidal (first instar) [203]

364 + 365 
(MK-936)

0.0104 0.0478 – Larvicidal (third or fourth instar) [210]

368 (MK-933) 0.0234 0.1053 – Larvicidal (third or fourth instar) [210]

369 + 372 0.025 – – Larvicidal (third or fourth instar) [222,223]

373 22 (15) – – Larvicidal (third or fourth instar) [229]

374 + 375 112 – – Larvicidal (fourth instar) [231]

376–378 – – Toxicity against second instar [232]
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TABLE 5 Toxicity of Metabolites Produced by Lichens Against Aedes aegypti

Comp. Values of Effect against Ae. aegypti Ref.

LC50, ppm, 24h (48h) LC90, ppm, 24h (48h) LC100 (LD99), ppm, 24h (48h)

382 – – – 90% Moribund effect against 
second instar larvae

[236]

383 – – – 60% Death against second 
instar larvae

[236]

384 – – – 90% Moribund effect against 
second instar larvae

[236]

385 – – – 90% Moribund effect against 
second instar larvae

[236]

386 6.61 8.36 – Larvicidal activity [237]

387 NA – – – [236]

388 NT – – – [238]
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the potential of these compounds to combat the mosquito but the larvae toxicity 
assay was by far the most applied test (representing 93% of all insecticidal assay 
protocols with plant metabolites).

Larval mosquito susceptibility test consists of the exposition of mosquito 
larvae to solutions or emulsions of insecticides or potential candidates by 
immersion at a standard period of time, followed by counting the mortality 
[262]. Although any larval stage may be used in these tests (as observed in the 
tables), WHO recommends to perform the assay with older larvae (third and 
fourth stage) once they are more resistant to insecticides than young larvae (first 
and second stage); pupae do not feed and, thus, do not ingest the bioactive com-
pounds [262]. However, Pridgeon et al. proposed a high-throughput screening 
method using first instar larvae (1-day-old after oviposition) in order to search 
for potential compounds that possess larvicidal activity by using a 24-well-plate 
having only 10µL of diluted chemicals in a final volume of 1mL [263]. The 
main advantages of this methodology are the possibility to screen large number 
of natural compounds and the facility in using freshly hatched Ae. aegypti larvae 
rather than more advanced larval stage which need to be reared and sorted.

The results are expressed by counting dead larvae (those remaining at the 
bottom or not capable of coming up to surface) and the mortality is then cal-
culated as a percentage of dead larvae in such dosage of insecticidal in a set of 
experiments. The percentage of mortality is corrected by using statistical meth-
ods and the results are expressed as LC50 (lethal concentration 50 value is the 
concentration of a material that kill 50% of the tested larvae), LC90 (lethal con-
centration 90 value is the concentration of a material that kill 90% of the tested 
larvae), LC99 (lethal concentration 99 value is the concentration of a material 
that kill 99% of the tested larvae) or LC100 (lethal concentration 100 value is the 
concentration of a material that kill 100% of the tested larvae).

LC values of compounds expressed in Tables 1–5 were registered by using 
data obtained mainly after 24h of larvae exposition to them. LC registered after 
48h are in brackets. The LC50 or LC90 values (expressed in ppm) were grouped 
as: highly active (0 < LC < 10), moderately active (10 ≤ LC < 50), slightly active 
(50 ≤ LC ≤ 100), very slightly active (LC > 100) and inactive (no mortality was 
observed). It was observed some variability of LC50 values for the same com-
pounds and it probably may be attributed to the different experimental condi-
tions, such as susceptibility on the mosquito tested, differences in the number of 
replicates tested, and the operational assay conditions. For convenience the LC 
values of compounds found in these tables were expressed in ppm to provide a 
basis for comparison of their potencies, although for some chemicals these data 
were expressed in other units in their original papers and (converted) to ppm 
herein.

A possible way to overcome these differences lays on the establishment of 
a screening methodology that encompasses standardization on the number and 
larval stage used, number of replicates, time of exposure, solvents, etc. Special 
attention should be driven to the larval stage to be used and this choice would 
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be made based on the abilities on the research groups in sorting the larval stage 
recommend by WHO. If there is no cooperation between chemists and ento-
mologists, a preliminary screening procedure using freshly hatched Ae. aegypti 
larvae as proposed by Pridgeon et al. [263] would be adopted and then for those 
compounds that exhibit any larvicidal effect should be tested with older Aedes 
larvae as well as other insects species.

There is the need to emphasize that the results obtained in laboratory condi-
tions do not reflect directly the real consequence in the field. Thus, field trials 
should be performed for compounds that showed interesting larvicidal activity 
due to photo- and thermostability presented for some compounds. Moreover, 
the new potent larvicidal candidates will be accepted for application if they 
exhibit a very low toxicity to non-target organisms as well as being added to 
the drinking water reservoirs. From this, many candidates fell down due to their 
toxic properties considerably diminishing the number of available larvicidal 
agents to the next steps to introduce a new bioactive to the market. There-
fore, an ideal larvicidal should be highly selective, biodegradable, thermo- and 
photo-resistant.

CONCLUSIONS

There are two methods of controlling or preventing dengue virus transmission: 
combating the virus and combating the vector. As long as there is no efficient 
vaccine for the prevention to dengue the only way to prevent it is through the 
vector control, and this combat should be guided by three axis: guiding and 
educating people for eliminating the breeding places, larvicidal application in 
water reservoirs and the use of insecticides in the endemic periods. “Any reduc-
tion in mosquito vector reduces the average number of blood meals taken, and 
any reduction in the number of blood meals taken reduces the probability of 
the vector acquiring a disease agent, and subsequently transmitting it to other 
hosts” [250].

Natural products research can contribute searching for useful compounds 
for dengue-vector control programmes. In this review the structures of com-
pounds isolated from plants (319), fungi (25), bacteria (27) and lichen (07) have 
been reported, from which a total of 357 metabolites exhibited some activity 
against Aedes mosquito.

A total of 74 plant species have been shown to hold secondary metabolites 
which have significant insecticidal properties and they are distributed in 33 fami-
lies from which the major occurrence are found in the families Rutaceae (9.5%), 
Leguminosae (8.1%), Annonaceae (6.7%), Piperaceae (6.7%), Zingiberaceae 
(6.7%), Asteraceae (5.4%), and Verbenaceae (5.4%). The 51.5% remainder 
of the plant species are distributed in 26 families. The bioactive compounds 
reported here are diverse in structure and, according to their biosynthetic ori-
gins, are mainly distributed in terpenoids (30.2%), polyketides (including xan-
thones, quinones and anthraquinones, 17.3%) and flavonoids (11.3%) classes.



366 Studies in Natural Products Chemistry

Polyketides (24%) and terpenoids (64%) derived compounds were also the 
most found in the fungal extracts under study, while from the bioactive bac-
terial cultures polyketides (66.7%) and fatty acids derivatives (22.2%) were 
obtained.

From what it has been discussed, we grouped compounds into five 
groups according to their toxicity to larvae showed by LC50 or LC90 
(expressed in ppm) reported in the papers referenced in the present review: 
highly active (0 < LC < 10), moderately active (10 ≤ LC < 50), slightly active 
(50 ≤ LC ≤ 100), very slightly active (LC > 100) and inactive (no mortality 
was observed). From a total of 233 compounds assayed against Ae. aegypti 
larvae 34% of them had an expressive larvicidal effect with LC50 or LC90 
values comprising up to 10ppm. The tiophene derivative α-terthienyl (26), 
the polyacetylene derivative (30), the coumarin marmesin (119), the flavo-
noids naringin (150), poncirin (151) and rhoifolin (154), and the amides 
pellitorine (279) guineesine (280), pipercide (281) and retrofractamide A 
(282) were the most promissors compounds obtained from plants with LC50 
or LC90 below 0.1ppm. Moreover, the two preparation containing avermec-
tins MK-933 (368) and MK-936 (364 + 365) in addition to spinosad sus-
pension (Tracer®, 369 + 372) presented LC50 values of 0.0234, 0.0104, and 
0.025ppm, respectively.

Treatment of larvae with α-terthienyl (26) and the furanoacetylene (30) 
exhibited an exceptional phototoxic effect against fourth instar larvae and 
exceeded the effectiveness of DDT and malathion encouraging the indication of 
26 to be a practical larvicide under field conditions [50]. Spinosad proved to be 
useful in integrated vector management programs targeted at Ae. aegypti. For-
mulations containing this toxin were officially approved for use as a mosquito 
larvicide by US EPA (United States Environmental Protection Agency) in 2007 
and 2008 [264].

Mosquito repellents may be one of the most effective tools for protecting 
humans from vector-borne diseases.

Although several species of entomopathogenic fungi have currently been 
considered for use in the biological control of mosquito larvae, very little prog-
ress focussing the isolation of bioactive metabolites, have been reported in the 
literature, especially against Ae. aegypti. It has been known that these microor-
ganisms can be possible candidates for use as biological control agents due to 
their ability to secret bioactive metabolites when they infect their insect hosts. 
Thus, this source could be more effectively explored as natural resource of 
insecticides.
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ABBREVIATIONS

µM  micromolar
1-D NMR one-dimensional nuclear magnetic resonance
2-D NMR two-dimensional nuclear magnetic resonance
1H NMR proton nuclear magnetic resonance
13C NMR carbon-13 nuclear magnetic resonance
BTI  Bacillus thuringiensis israelensis H-14
CNSL cashew nut shell liquid
CoA coenzyme A
DDT dichlorodiphenyltrichloroethane
DEET N,N-diethyl-m-toluamide
DENV-1 serogroup of dengue virus “dengue-1”
DENV-2 serogroup of dengue virus “dengue-2”
DENV-3 serogroup of dengue virus “dengue-3”
DENV-4 serogroup of dengue virus “dengue-4”
DHF dengue hemorrhagic fever
DSS dengue shock syndrome
dTDP deoxythymidine diphosphate
DV  dengue viruses
EC50 half maximal effective concentration
EIMS electron-impact mass spectrometry
GC/MS gas-chromatography–mass-spectrometry
GC–CI–MS gas-chromatography–chemical-ionization–mass-spectrometry
[H]  reduction
INADEQUATE incredible natural abundance double quantum transfer experiment
IR  infrared
LC50 lethal concentration 50
LC90 lethal concentration 90
LC100 lethal concentration 100
LD50 lethal dose 50 percent
LD90 lethal dose 90 percent
LD100 lethal dose 100 percent or absolute lethal dose
min  minute
MS  mass spectrometry
NADH nicotinamide adenine dinucleotide
NADPH nicotinamide adenine dinucleotide phosphate
NDP nucleotidyl-phosphate
NMR nuclear magnetic resonance
NOEDS nuclear overhauser enhanced differential spectroscopy
NOESY nuclear overhauser enhancement spectroscopy
[O]  oxidation
PABA p-aminobenzoate
PAL L-phenylalanine ammonia lyase
PK  polyketide
PKS polyketide synthase
PNBA p-nitrobenzoate
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ppm parts per million
ROESY Rotating frame overhause effect spectroscopy
SAM S-adenosylmethionine
TLC thin layer chromatography
TOCSY total correlation spectroscopy
US EPA United States Environmental Protection Agency
WHO World Health Organization
WHO/TDR  World Health Organization Special Program for Research and Training in 

Tropical Diseases
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